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????
1.1 ?????
????????, ???? f : RD ! R????????????? f(x)??????
D ?????????? x = (x1; :::; xD)T ????, ?????????????????
???????. ??????????????????????????????, ???
??????????????????. ???, ???????????????, ????
???????????.
???? f ????????????????, ???????????? f ?????
???????????????. ???, f ?????????????????????
???, ???????????????????????????. 1960????????
Nelder-Mead? [167] ? Hooke-Jeeves? [103] ???? x?????? f(x)??????
???????????????, ???????? (??????????) ??????
???????????????????????. ??????????????????
??? 2016????????????????, ???????????????????
????? [92]. ??, ???????????????????????????????
????????????.
??????? [31] ????????? [121] ????????? f(x)????????
?????????????, ????????????????????????????
??????????????????????. ??, ??????????? f ????
?????????, ??????????????????????????????. ?
??, ?????????????????????????????????, ?????
??????????????????????????????????????????
???, ???????????????????????????????????.
???????? (Evolutionary Algorithm, EA) ????????????????
????????????????. ?????????, EA ?????? f(x) ??
??????????. ??????????? EA ?, Genetic Algorithm (GA) [102],
Evolution Strategy (ES) [15], Evolutionary Programming (EP) [260], Covariance Matrix
2 ? 1? ????
Adaptation Evolution Strategy (CMA-ES) [96], Estimation of Distribution Algorithm
(EDA) [201, 206], Particle Swarm Optimization (PSO) [120], Ant Colony Optimization
[50, 214], Articial Bee Colony (ABC) [116, 117], Dierential Evolution [220, 221] ??,
???????????????????. ??, ????????????????,
Nelder-Mead ???????????????????????????????????
?. EA ? 1960 ??????????? [65, 66], 1960 ??? Fogel ??? EP [68], ??
Rechenberg? Schwefel??? ES [15] ?, 1970???? Holland???? GA [102] ??
??????????. ???, ???????????, 1990??????????? EA
????????, 2016?????????? EA???, ???????????????
??????.
EA ???????????, ??????????? EA ?????????????
?????????????????????? [54, 146, 56, 119]. ??? GA?????
??, ????????????????????????????????????, ??
????????????????????????????. ??, ??????????
??????, ???????????????????????, ???????????
?????????, ???????????????????. ????, ??????, ?
?????????????????????. ?????, ??????????????
??????????, ??? EA????????????????. ????, EA???
???????????????, ??????????? EA?????????????
????????.
????????, EA?????????, ?????????????????????
???????????????????? [54, 119]. EA???????????????
??, ?? 3??????? [54]:
1. ?????????? (deterministic parameter control)
2. ?????????? (adaptive parameter control)
3. ???????????? (self-adaptive parameter control)
?????? 4???????, ???????????? EA?????????????
????????????, ?????????????????.
Dierential Evolution (DE) [220, 221, 188] ? 1995 ?? Storn ? Price ???????
??, ??????????????? EA???. ??? EA?????, DE?????,
??????????????????, Nelder-Mead ????????????????
?. DE????????????????, ?? EA?????????????????
??????? [43]. ???, ?????? DE?????? [221] ?, 1996???????
IEEE???????????? IEEE Congress on Evolutionary Computation (CEC) ?
???????????????????????? 3? [19], 1997??? 1? [187], 2005
1.2 ????????? 3
??? 10??????? 2???????*1. ?????, DE?????????????
?, 2006?? 2010??????????????? 1?*2, 2009????????????
1???????*3. ?????????, ???? DE???????????????.
????????, ???? EA??????????????????????????
????????. ?????????? DE?????????, DE?????????
?????????????????????????? [220, 221]. ???, ??????
???, ??? EA???? DE???????????????????????????
????? [71, 196, 274, 27]. ???, ???? DE???????????? N , ????
?? F , ??? C ???. F ???????????????, C ????????????
????????????????.
??????????????????????????????? black-box optimiza-
tion ???????, ????????????????????????????. ??
?, ??????????????????????????????. ???, ?????
??????? f ?????????????????????????? [112], ????
????????? DE???????????????. ??, ????????????
???????, DE????????????. ????, ???????????????
? DE??????????????????????????, ????????????
??. ?????????, ?????????? DE?????????????????
??.
?????????, ???????????????????????????????
?????????? DE ?????????????, 2005 ?????????????
??. ????? EA??????????, DE?????????????, (1) ????
??????, (2) ??????????, (3) ??????????????????. ??
???, ?????????????????????????????, (2) ???????
??????????????????, DE?????????????????????
[43]. ??, jDE [27], EPSDE [157], JADE [267], MDE [110] ??????????????
DE????????????.
1.2 ?????????
???????? DE??????????, ????????????????. ???
?????? [27, 189, 157, 267, 110] ?????? DE????, ???????????
?????????????????, ???????? DE??????????????
??????????????????. ????, ??????????????????
*1 https://www.lri.fr/~hansen/cec2005.html (2016? 1? 25???)
*2 http://www.ntu.edu.sg/home/EPNSugan/index_files/CEC-06/CEC06.htm, http://www3.ntu.edu.
sg/home/epnsugan/index_files/CEC10-Const/CEC10-Const.htm (2016? 1? 25???)
*3 http://dces.essex.ac.uk/staff/zhang/moeacompetition09.htm (2016? 1? 25???)
4 ? 1? ????
????????????, ?????????????????????????????
????????.
?? DE ??????????????????, ??????????? [27, 30, 189,
267, 157, 36]. ???, ????????????????? (F;C ?????????, ?
??????????????????), ??????? F;C ?????????????
?, ????????????????????. ???????????????, ????
??????????????????????????????????????????
???. ???, ???????, ??????????????????????????
?????, ?????????. ??, Karafotias???????????? DE????
?? EA???????, ??????????????????????????????
[119].
??, CMA-ES [96] ????????????? restart CMA-ES [9, 88, 149] ?, ???
black-box optimization????????????????? state-of-the-art??????
[92], ?? DE??????????????????? [43]. ????, ?? DE?????
????????????????????????, EA???????????????
?????????????????????????.
???????? DE???? 2?????????, ???????????????:
1. ???????? DE???????????????????????????, ?
????????????????????. ??????????????????
???, ????????????????????, ??????????????
??????, ????????????????????????????, ???
????????????? DE??????????????????.
2. ??????????????????????, ??? state-of-the-art? EA??
? restart CMA-ES???????????? DE?????. ?????, ?? DE
?????????????????, ????????????????????.
(1) ???????, ?? DE?????????????????, ??????????
????????? oracle ?????????????????????????? (5??
?). ???????????????????????????????????, ????
????????????????????????????????. ??, ??????
??????????????????????????, ???????? [231, 132, 136]
?????? DE ?????????????????? (7 ???). ?????, ???
???????????????????????????, ?? DE??????????
??????, ?? DE?????????.
(2) ???????, DE???????????????????? (8???). ????
??, ????????????????????? DE? exponential???, ?????
?????????????????????. ?????????????, ??????
?????????? (6???). ????? f(x) ???????????????, ??
1.3 ?????? 5
restart CMA-ES????, ?????????????????.
1.3 ??????
???????????????. 2 ?, 3 ?, ?? 4 ???????????, 5 ?, 6 ?,
7 ?, 8 ???????????????. ??, ?? A ???????????????
??????, ?? B ??? Zaharie ?????????????????? DE ????
??, ?? C ??? 5 ?? 6 ???????????????????????? BBOB
benchmarks?????????. ?? D?????????????????.
2?. Black-box optimization????????????????????
?????????, black-box optimization??????????????????
??. ??, ???????????????????, ?? EA????????. ?
??, ?????????????????????????.
3?. Dierential Evolution
???????, EA??????? Dierential Evolution (DE) [220, 221] ????
???. ??????? DE ?????????????, ?? DE ???????,
?????????????????????????, ????????????.
???, ????????????????????????????? DE????
??????????.
4?. EA, ?? DE?????????????????????
????, ????????? DE?????????????????????. ?
??, EA?????????????????????. ??, ??????????
??????????????????????????????, ????????.
?????????, (1) ??????????, (2) ??????????, (3) ???
?????????? 3?????????????????. ???, DE????
?????????, ??????????????????????.
5?. ?? DE????????
?? DE?????? (i) ?????????????????, (ii) ???????
????????????????????.
(i) ????????????????????????????????????, ?
??? DE??????????, ???????????????????????
?????????????. 8?????????? 2?????????????,
? 16??????????????????????, BBOB benchmarks [93] ??
????. ??????, ???????????????????????????,
???????????????????????????????????.
(ii) ???????????????????????????????????, ?
???????????????????, ???????????????????
6 ? 1? ????
?????????????????????. ?????????????????
???????????? (i) ???????????????????, ??????
????????????????????????????, ??????????
????????. ??????????, ???????????????????
??????????????????. ?????????????, ??????
?????????????? oracle ?????????????????????
?????. ?????????????????????????????????
???, ???????????????????????????????????
?????. ?????????????????? DE?????????????
?????, ????????????????????????.
6?. Success-History based Adaptive Dierential Evolution
5?????????????????????????, DE ??????????
???? Success-History based Adaptive DE (SHADE) ?????. SHADE ??
???????????????????????????????, ???????
??????????????????????, ???????????????.
???, 5 ??????? oracle ??????????????????????
SHADE???????????????. ??????, ????? DE?????
??? oracle??????????????????????????, SHADE??
???????????????.
??, ?????????????????? DE ????????, SHADE ??
?????. ???, SHADE ?????????????????? Nelder-Mead
? [167] ?????????????????????????????????
???, ??? black-box optimization ?????? state-of-the-art ? EA ???
BIPOP-CMA-ES [88] ????????????????.
7?. ?????????????? DE????????????????
6 ??? SHADE ????, ???????????????????????,
SHADE????????????????????, ??????????????
?????????. ???? SHADE???, ?? DE?????????????
? [231, 132, 136] ?????????????????????.
?????, ????????????, SHADE????? DE? (1) ????, ??
(2) ???????????????. (1) ?????, ?? DE ?????????
???????, ???????????????????????????????
????, ?? DE ???????????????????. ??????????
???, (2) ???? DE??????????????????. ??, ??????
??, ????????????????????????????????????
???????. ???, ???????????????????????????
??????????????, ?? DE?????????????????.
8?. DE?????????????????
1.3 ?????? 7
5?? 7???, ?? DE???????????. ??, 6????????????
? SHADE?????. ?????????????????????????, ??
?? DE????????????????????.
??????, DE ???????????? exponential ???, Rosenbrock ??
f(x) =
PD 1
i=1
 
100(xi+1   x2i )2 + (xi   1)2
??????????????????
??????, ????????????????????????????????
???????????????????. ???, ???????????????
?, exponential???????? binomial?????????????????. ?
?, ????????? Shued Exponential Crossover (SEC) [188] ???????
????????????????, (1) ??????????????? binomial?
????????????, (2) SEC? exponential ???????????????
??????.
9?. ????
??????????????????. ??, ??????????????.
8? 2?
Black-box optimization??????
??????????????
????, ??????????????, ????????????????????. ?
??, 2.1.1?????????????????????. ????, ??????????
? black-box optimization ??????????. ??, 2.2 ???, ??????????
???????????????????. 2.3 ???, black-box optimization ?????
??????????????????????????????. ??, ???????, ?
???????????????????????, ?? A????????. ???, 2.4?
????????????????, ??? 2.5??? black-box optimization ??????
???????????????????.
2.1 ???????
????, ????????????????????????. ??? 2.1.1 ?????
??????????????, 2.1.2?????????, ???????????????
?. ?? 2.1.3????????????????????????. ???, 2.1.4????
???????? black-box optimization ??????????????????????
????. ??, 2.1.1, 2.1.2, 2.1.3????????????? [277, 279, 278] ??????
??.
2.1.1 ???????????
???? f : RD ! R, ???????? S  RD ????????, ???? f ????
??? x = (x1; :::; xD)T (D ?????????????????) ???????, ???
???????. ????????????, ???????????:
min
x
f(x);x 2 S (2.1)
2.1 ??????? 9
? (2.1) ??????????????, ????? max
x
f(x) ??????????,
max
x
f(x) =  

min
x
 f(x)

??????????, ????????. x 2 S ??? x ?
????????, x =2 S ???? x??????????. ??, ???????????
???, ?????????????????.
??????? x, ??????? f ??????? x ??????????:
f(x)  f(x);8x 2 S (2.2)
???, ????????? f(x) ???????. ? (2.1) ?????????????,
??? x ??????? S ?????????????????????. ??, ???
xl 2 S ??? Sn(xl)????????????, xl ?????????:
f(xl)  f(x); 8x 2 S \ Sn(xl) (2.3)
???, Sn(xl) = fxj > kxl   xkg???, ??????, kxk? x??????????
???. ???????? xl ????, ????????????????? xl ?????
?? x ???????????. ????, ??????????? x ??????, ??
??? xl ?????????.
2.1.2 ??????????????
M ????????? g1; :::; gM , ?? L ???????? h1; :::; hL ????????,
? (2.1)??????? S ?, S = fx j 8i : gi(x)  0; 8j : hj(x) = 0g??????. ??
?, ???? f ? x????????, M ?????????, ?? L????????? x
??????????????????????. ???? 1947?????????, ???
????????????????????????????????, ?????????
????????????.
??, ???? f , ???????????????????????????. ?????
??????, ????????*1????????????, ?????????????
?, ?????????????????????, ??????????????????
???. ???, ??????????????????????????, ????????
???????.
2.1.3 ???????????
??????? xj , j 2 f1; :::; Dg ?????? xmaxj , ????? xminj ????????
????????, ??????????????:
S = fx j xminj  xj  xmaxj ; j = 1; :::; Dg (2.4)
*1 ??? 2??? x1;x2, ??????? ;  > 0????, f

x1+x2
+

 f(x1)+f(x2)
+
?????
?, ???? f ??????????. ??????????? xl ? 1 ?????????, ??? xl ??
?? x ?????.
10 ? 2 ? Black-box optimization ????????????????????
?????????????????????????????, ???????????
???????????????. ?????? x =2 S ????? f(x) = 1????, ?
(2.4)? S 2 RD ????????????????????????. ??, ??????
xj ? [xminj ; xmaxj ] ?????????????, ??????????????, ????
xj = x
min
j , ??? xj = xmaxj ??????, ?????????????????????.
???????????????, ???? f ???? xl ????????, ? (2.3)??
????????, ???????:
rf(x) = 0 (2.5)
???, rf(x) =

@f(x)
@x1
; :::; @f(x)@xD
T
???. ??, ? (2.5)????????????, ?
??????????????. ???, ??? (??) ?????? (2.5)????????
?, ???? f ???????????????????????. ???? f ? xl ???
???????, ? (2.3)??????????, ? (2.5), ??????? r2f(x) *2 ???
?????*3???. ??? 2??????????.
2.1.4 ????????? black-box optimization??
??????????????, 2.1.3 ????????????????????, ?
(2.1) ?????? f ??????????, ????? f(x) ???????? black-box
optimization ?? [88] ???. Black-box optimization ???????????????
??. ???, ??????????????????? [115], ????? [174], ????
[129] ????????????????? x?????? f(x)???????, f ????
???????.
Black-box optimization ???????? f ?????, ?????????????
???????????????????, ?????, ???????????. Fitness
Distance Correlation (FDC) [113] ? Dispersion Metric [152] ?????????????
????, ????? f(x)???????????????????????, ??????
????????. ???, ????????????????????, ?????????
?????????????????????????, ???????.
Black-box optimization ?????????????????, A.1 ?????????
??????????????????. ??????????, A.1.3 ???????
*2 ???? f ???????????????????r2f(x)?, ???????????:
r2f(x) =
0BBB@
@2f(x)
@x1@x1
: : :
@2f(x)
@x1@xD
.
..
. . .
.
..
@2f(x)
@xD@x1
: : :
@2f(x)
@xD@xD
1CCCA (2.6)
??, r2f(x)????????.
*3 ????????, ?? 0????????????????. ??, ??A????????????, ??
? x???? xTAx  0???.
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????????????????????????????????, 2.3 ??????
Nelder-Mead? [167], Hooke-Jeeves? [103], Simulated Annealing [121] ????????.
2.2 ?????????????????????
????, 2.1.4?????? black-box optimization????????????????
??????????????????, ???, ???/???, ??????/?????
?, ?????/??????, ???????????????.
2.2.1 ???
???????? D ???????, ?????? S = QDj=1 Sj ??????????
??, ???????????????????. ????, 1, 2 ????????????
?????, ???? 10 ,20 ????????????????????????. ???,
1965 ??????? Nelder-Mead ? [167] ?, ????? 2 ?????????????
state-of-the-art????????????????, 3?????????????????
????? [92].
??, black-box optimization????? 100  1; 000????????????????
??????, ???????????????????? [100, 132]. ??, ???????
????????????????????????, ???????? CMA-ES [96] ??
????????????????????, ?????????????????????
?? [142, 199].
2.2.2 ???, ?????
????????? xl ?????????, xl ???? x ?????????????
?. ???, ???? 2????????????????. ??????????, ????
????????, ?????????????????????????????.
????????????????????, ???????????????????
??????????, ???????????????????. ????, ???????
????????, ?????????????????????????????????
????. ?????, ???????????????????????????????.
2.2.3 ??????, ????????
????, 2.2.2????????, ????????????????, ????????
??????????????????. ?????????????, ?????????
????????????????? [21]. ???, 2.2.2?????????????, ??
???????????????????????????????. ??????????
12 ? 2 ? Black-box optimization ????????????????????
??, ???????????????????????????, ???????????
????????????.
??, ???????????????, ????????? [130]. ???, 1990????
???????????????, ?????????????? EA??????????
???????????. ????????????????, ?????????????
?????????. ????, ????????????????????????, ??
??????????????????????, ???????????????????
[108, 153].
2.2.4 ?????, ????????
???????? j 2 f1; :::; Dg??????, PDj=1 fj(xj)?????????????
???, D ????????? D ?? 1???????????????????????
??. ?????????????????????, 2.2.1 ??????????????
?, ?????????. ???, ???????????????????????????
??????? [203, 252, 93].
???, ??????????????????, ??????????????????.
????, ????????????????????????????, ????????
?????????????????????????????????? [97]. ?????
????, ????????????????????????? 2005?????????
?? [223, 93].
???, ??????????????????????????????????
??? [231, 132]. ??????, Tan ??????????????????????
partial separability [82] ????????????????? [231]. ???, ???? f ?
f(x) =
Pm
j=1 gj(xj)????m?????? gj (j 2 f1; :::;mg) ??????????, ?
?????????????????????. ???, xj ? gj ????? x??????
???????????????????. ????????????????, ?????
?????????????????????????????, f ?m?????????
???????? [256, 172]. ???, ????????????????????????
??????????????, ??????????????????????????.
2.2.5 ??????
???????????? f ???????????????????, ???????
??. ???, ??????? (??) ???? (??) ????, ????????????
???????????????????? [176, 7]. ??????H ?????????
f(x) = 12x
THx???????, H ????*4? 1???????, ???? f ?????
*4 ?????????????????????.
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????????? [97].
????, ?????????????????????. ??????????????
??????, ?? A.1.1 ?????????????????????????????,
???????????????????, ????????????. ??, EA?????
???????????????, ?????????????????????????,
????????????????????????, ?????????????????
?????????????????, ????????? [97].
2.3 ????????????????????
????????? f ??????????, ?? f ???????????, ?? A.1?
?????????????????????????. ???, ????? f(x) ????
??????? black-optimization??, ?? f ????????????, ???????
??????, ????????????????????. ?????????, ?????
????? f(x)??????????????????????, 1958?????????
[31] ????????, Hooke-Jeeves? [103], Rosenbrock? [200], Nelder-Mead? [167],
Solis-Wets? [215], ???????? [121] ??????????????? [122].
??? 2.3.1 ???, ???????????????????, ?? 3 ???????
Dierential Evolution (DE) [220, 221] ??????? Nelder-Mead? [167] ??????
?. ??, ???????????, ?? A.2????????.
2.3.1 Nelder-Mead?
Nelder-Mead? [167] ?, 1965?? Nelder?Mead????????, ????????
????????????????. Nelder-Mead??? D + 1????????????
?????, ??, ????????????????????????, ?????????
?????????, ????????????.
Algorithm 1 ?, Nelder-Mead ????. ???, xm;t ??????????? xD+1;t
?????? fx1;t; :::;xD;tg ??????. ??, xr;t ??? (reection), xe;t ???
(expansion), xc;t ??? (contraction) ????????????????????. r, e,
c ???????, ??, ??????????????????????. ???? [167]
??????????????????, r = 1, e = 2, c = 0:5?????????.
Nelder-Mead?????????????????????, ????????? 2???
?????, ??????? state-of-the-art ?????????????????????
????????? [92]. ??, 5????????????, ??????????????
????????? [184]. ???, ??????????????????, ???????
???. ??, 1????????????????????????? [125], 2?????
??????????? Nelder-Mead????????????, D  3????????
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Algorithm 1: Nelder-Mead?
1 t 1;
2 D + 1????? fx1;t; :::;xD+1;tg????? S ?????????????;
3 while ?????????????? do
4 ????? f(x1;t)  :::  f(xD+1;t)????????????????????;
5 xm;t = 1
D
PD
i=1 x
i;t;
// ????
6 xr;t = xm;t + r(x
m;t   xD+1;t);
7 if f(x1;t)  f(xr;t) and f(xr;t) < f(xD+1;t) then
8 xD+1;t+1 = xr;t;
9 else if f(xr;t) < f(x1;t) then
// ????
10 xe;t = xm;t + e(x
r;t   xm;t);
11 if f(xe;t) < f(xr;t) then
12 xD+1;t+1 = xe;t;
13 else
14 xD+1;t+1 = xr;t;
15 else
// ????
16 xc;t = xm;t + c(x
m;t   xD+1;t);
17 if f(xc;t) < f(xD+1;t) then
18 xD+1;t+1 = xc;t;
19 else
// ???????????
20 for i = 1 to D + 1 do
21 xi;t+1 = (x
i;t+x1;t)
2
;
22 t t+ 1;
??. ???, Nelder-Mead????????????????????, ????????
????????????????.
2.4 ????????
???????? (Evolutionary Algorithm, EA) ????????????????
????????????????. ??????????? EA ?, Genetic Algorithm
(GA) [102], Evolution Strategy (ES) [15], Evolutionary Programming (EP) [260], Covari-
ance Matrix Adaptation Evolution Strategy (CMA-ES) [96], Estimation of Distribution
Algorithm (EDA) [201, 206], Particle Swarm Optimization (PSO) [120], Ant Colony Opti-
mization [50, 214], Articial Bee Colony (ABC), [116, 117] Dierential Evolution [220, 221]
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??, ???????????????????.
?????????, EA?????? f(x)????????????. ????????
????, ???????????????????????????, ?????????
??????. ??, ????????????????, SA??????????????
?????????????????????.
????, ?????? EA?????? GA, ES, CMA-ES, PSO????????. ?
?? 2.4.1??????????? GA??????, 2.4.2?????? GA??????
??. ??, 2.4.3??? (1 + 1)-ES, 2.4.4??? CMA-ES???????. ???, 2.4.5?
?? PSO????????. ??, ??????????????, ???????????
???, ????, ????????????, ?????????????.
2.4.1 ???????? GA (Bit String GA)
Genetic Algorithm (GA) [102] ?, ???????????? EA???. ??, ????
????????????????????????, ??? t??? P t = fx1;t; :::;xN;tg
???????????????, ??? t+ 1??? P t+1 ????????????.
GA??? EA????, ????????, TSP??????????????????
?. ??????, GA?????????????, ??????????????????
??????. ??, ?????? GA???????, ? (??? TSP???????) ?
f0; 1g????????, ????????????? [102, 70].
1975??????????????? GA [102] ??, ???????????? D ??
??????? x = (x1; :::; xD)T ?, f0; 1g?????????????, ????????
??. ???????????????????????????????????????.
??, ???? f ?????????????, ????????????????????
???.
???????? GA????????????, ?????? steady state GA????
???????????? GA????????. ??? t????, ????????? P t
??, ?????? xa;t;xb;t ??????????. ???, ??????????????
????????????. ????????, ??????, ???????, ??????
??, ???????????????. ????????, ?????????????? 2
??????. ?????????, ????????????????????????:
pi;t =
1=f(xi;t)PN
j=1 1=f(x
j;t)
(2.7)
???, pi;t ??? xi;t ???????????. ?????????, ????? f(x)??
?????, ????????????*5. ??????????, ??????? NT ??
*5 ????????, 3.3.1 ??????, ???????????????????????????. ???
?, ????????????????????????.
16 ? 2 ? Black-box optimization ????????????????????
???????, ????????????????????????. ?????????,
??????????? f(x1;t)  f(x2;t)  :::  f(x;t)???????????????.
???, ??????????????? p?????. ????????????????
?, ????????? xi;t ????? pi;t ???:
pi;t =
N   i+ 1P
j=1(N   j + 1)
(2.8)
??, ??????? xa;t;xb;t ??????????????????, ??? xc;t ??
???. ??????????, 1???, 2????????????????. 1????
?, f1; :::; Dbg?????????????????????, ????????? xa;t;xb;t
????????. ???, Db ????????????.
??????, ??? j = 1; :::; Db ???????????? [0; 1]??? rand[0; 1]??
??, ???? 0.5?????? xa;t ????, ??????? xb;t ??????? xc;t ??
???:
xc;tj =
(
xa;tj if rand[0; 1]  0:5
xb;tj otherwise
(2.9)
????????????? xc;t ?, ???????????????. ??? j ???,
??????????? pm 2 [0; 1]???, ???????????????. ??????
?? GA???????????????????, xc;tj ? 0??? 1, 1??? 0?????
?????????.
??? xc;t ????, xc;t ???????????????????, ?????????
???. ???, ?? P t ????????????? xr;t ???????????. ???
?, ??????????????????, ?????????????????????
?. ???, ?????????????, ???????????????????????
???????????????, ???????????????????, ??????
?, ????????????????????????????????????. ???,
? (2.8)?????????, ??????????:
pi;t =
iP
j=1(j)
(2.10)
??????? xr;t ???? xc;t ?????????, ?? f(xc;t)  f(xr;t) ????,
xr;t+1 = xc;t ???. ???, ?????? steady state GA?, Algorithm 2???.
???????????, ??????????????? GA ???????. ???,
??????????????? GA?????????????????, ???????
????????????????????????, ??, ??????????????
??????????????????????????????????. ???????
??????????????????????????????, ???????????
?. ?????????, ?????????? GA????????????, ?????
?????????????????? GA????, ???????????????.
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Algorithm 2: Steady State ???????????????? GA
1 t 1;
2 ?? P t = fx1;t; :::;xN;tg????????? S ?????????????;
3 while ?????????????? do
4 ?? P t ??, 2???????????;
5 ???????????????, ??? xc;t ???;
6 ??? xc;t ?????????????;
7 ?? P t ??, ????????? 1?? xr;t ???;
8 if f(xc;t)  f(xr;t) then
9 xr;t+1 = xc;t;
10 t t+ 1;
2.4.2 ??? GA
???????? GA ??????????????, ??????? x ???????
???????? GA (Real-Coded GA) ??????????????. ???????
GA ??????????, ??????????????????. ??????? GA
???????, Simulated Binary Crossover (SBX) [45], Blend Crossover (BLX-) [58],
Parent Centric Blend Crossover (PBX-) [151], Simplex Crossover (SPX) [243], Unimodal
Normal Distribution Crossover (UNDX) [175], Parent Centric Crossover (PCX) [46] ??
???.
????, ???? BLX-, PBX-, PCX????????. BLX-??, ??? xc;t ?
??? xc;tj ?, 2?????? xa;t, xb;t ??????? [xa;tj ; xb;tj ] ? ?????????
????????????:
xc;tj = rand[min(x
a;t
j ; x
b;t
j )  I;max(xa;tj ; xb;tj ) + I] (2.11)
???, I = jxa;tj   xb;tj j???. ??, ????? 0.5???.
BLX- ?????????????????, 2 ?????? xa;t, xb;t ??? mt =
xa;t+xb;t
2 ?????. ??, PBX- ??, xa;t ? xb;t ??????????????, ??
??????????:
xc;tj = rand[x
p;t
j   I; xp;tj + I] (2.12)
???, xp;tj ? xa;t ? xb;t ???????? j ????????. ??, PBX-?????
[151] ???? ????? 1.0???.
??? BLX-, ?? PBX-?????? 2???????????????????. ?
?, PCX????????? ?? fx1;t; :::;x;tg ?????????. ???,   2??
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???? PCX????????:
xc;t = xp;t + wd
p;t +
X
i=1;i6=p
wDte
i;t (2.13)
xp;t ?????? fx1;t; :::;x;tg ?????????????????. dp;t ??????
???mt = 1=Pi=1 xi;t ?? xp;t ?????????? dp;t = xp;t  mt ???. Dt ?,
xp;t ???   1???? dp;t ?????? Di;t ??????. ei;t ? xp;t ???   1?
??, dp;t ????????????????????. w ; w ??? 0, ?? 2 , 2 ???
??????????. ???? ??????? 3, 2 , 2 ??????? 0.1???.
[46] ??, ??????????????????????????? mean centric
crossover, ???????????????????????? parent centric crossover?
??, ??????. BLX-, SPX, UNDX? mean centric crossover, SBX, PBX-, PCX
? parent centric crossover??????. Mean centric crossover???????? S ??
?????????????, S ????????????. ????, ??? x ?????
??????????????????????????, ???????????????
????????????????? [67, 238].
??? GA ????, ????????????????????????. ?????
???, ??????????????, ??????????????????????
??????????????????. ?????, CHC [58], Minimal Generation Gap
(MGG) [205], Just Generation Gap (JGG) [2], Generalized Generation Gap (G3) [46] ?
??????????, ?????? G3? Algorithm 3???. ???, ???????
???, PCX ???????????  = 2 ???. ?????????? GA ????
????, ????????????????, ??? PCX, ???????? G3 ???
? G3-PCX ???? state-of-the-art ??????. G3 ???????????????,
PCX??????????????? xp;t ?, ???????? xbest;t ?????????
???? [46]. ???, ???????????????????????, ????????
??????????. ????, ??????????????????????????
????, ?????????????????????, ?? EA???????????
????????, ????? [182].
2.4.3 ES
Evolution Strategy (ES) [15] ?, 1960??? Schwefel, Rechenberg, Bienert?????
????????????????, ??????????????? EA???. (; )-ES
??, ???????????????? [15], ?????????? (1 + 1)-ES?????
???.
(1 + 1)-ES??, ?? EA????? 1????????????. ??? t????, ?
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Algorithm 3: G3
1 t 1;
2 ?? P t = fx1;t; :::;xN;tg????????? S ?????????????;
3 while ?????????????? do
4 ??????????????? xbest;t ?   1????? P t ??????????, ??
??????;
5 ???????????????;
6 ?? P t ??????? 1?? xr;t ??;
7 ?????? xr;t ???????, ??????????????? xcbest;t ???;
8 if f(xcbest;t)  f(xr;t) then
9 xr;t+1 = xcbest;t;
10 t t+ 1;
? xt ??????????????, ???? ut ?????:
ut = xt +   randn(0; I) (2.14)
???, randn(0; I)?????????????, ??????????????.  ???
????????????????????.
???? ut ????, ?????????, ????? xt ??????????????
?????:
xt+1 =
(
ut if f(ut)  f(xt)
xt otherwise
(2.15)
??????????,  ??????.  ?????????????????????
?????????,  ??????????????, 1=5 success rule ????????.
1=5 success rule ??, ???????? (2.15) ????, f(ut)  f(xt) ????????
?, f(ut) > f(xt) ????????????. ????????, ???????????
1=5??????  ?????. 1=5 success rule??, D ?????, ?? H ??????
??, ????????????, H ????????????? rs ????:
rs =
?? H ??????????
?? H ??????????+?? H ?????????? (2.16)
??? H ????? H = 10D ???. ???, rs ??????,  ?????:
 =
8><>:
c if rs < 1=5
=c if rs > 1=5
 otherwise
(2.17)
???, c 2 [0; 1]?  ???????????????????. c????? 0.87???.
??? rs ? 1=5??????  ?????, 1=5??????  ??????.
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Algorithm 4: (1 + 1)-ES
1 t 1;
2 xt,  ??????;
3 while ?????????????? do
4 ? (2.14)??????? ut ???;
5 ? (2.15)??? xt+1 ????;
6 if t modulo D == 0 then
7 ? (2.17) ???  ???;
8 t t+ 1;
???, ?????? (1 + 1)-ES???? Algorithm 4???. (1 + 1)-ES??????
??????????????????????, 1??????????????????
??????. ??, ??????????????????, ??????????????
????????. ???????????????, ?????? CMA-ES [96] ????
??.
2.4.4 CMA-ES
Covariance Matrix Adaptation Evolution Strategy (CMA-ES) [96] ?, ???????
ES?????????????. ?????????????? state-of-the-art?????
??????? [92]. CMA-ES ??, ??????m = (m1; :::;mD)T , ????? C ?
???????????????????????, ???????????. ???, ???
???????????, ??????m, ????????? , ?????? D D??
???? C ????????, ????????????. ???????????????
??????.
???????? CMA-ES??????????????? [95, 96, 94, 111], ????,
[87] ??????????????????? CMA-ES???, (w; )-CMA-ES????
???. ??, ????????????????????????? 2.1??????. ?
?? eff ?????, ????????? w = (w1; :::; w)????, eff = (
P
i=1 w
2
i )
 1
???.
?????? t = 1????,mt ?????????????????, Ct = I, p;t = 0,
pc;t = 0???. ??, ???? [A;B]D ????, t = 0:5(A B)???. ??, CMA-ES
? 3.3.1?????????????????????????????, ????? D ??
????? [A;B]D ????????????, ??????????.
??? t ???? Ct ???????, Ct = BtDt(Bt)T ???. ???, Bt ???
????, Dt ????????????? (???????) ???. ???, ??? xi;t
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? 2.1: (w; )-CMA-ES????????????? [87].
?????? ??
????  = 4 + b3ln(D)c,  = b=2c
 ??? c = eff+2D+eff+3 , d = 1 + 2 max

0;
q
eff 1
D+1
  1

+ c
C ??? cc = 4D+4 , cov = eff , ccov = 1cov
2
(D+
p
2)2
+

1  1
cov

min

1;
2eff 1
(D+2)2+eff

(i 2 f1; :::; g) ???????????:
xi;t =mt + tB
tDt(Bt)T randn(0; I) (2.18)
???, ???????. randn(0; I)?????????????, ??????????
????. ??, ? (2.18) ???? randn(m; t(Ct)2)???????.
?????????????????????, ????????? f(x1;t)  f(x2;t) 
:::  f(x;t)???????????????. ???, ????????mt, t, Ct ???
??.
??? t + 1???????????????????mt+1 ?, ????????? 
????????????????:
mi;t+1 =
X
i=1
wix
i;t (2.19)
wi =
ln(+ 1)  ln iP
j=1 (ln(+ 1)  ln j)
(2.20)
???,  ????????,    ???. ??, wi ? w1  w2  :::  w > 0 ???,P
i=1 wi = 1???.
???????????????????????? t+1 ?, ??????????:
p;t+1 = (1  c)p;t+1 +
q
c(2  c)effCt; 1=2m
t+1  mt
t
(2.21)
t+1 = t exp

c
d
 kp;t+1k
Ekrandn(0; I)k   1

(2.22)
(2.23)
???, Ejjrandn(0; I)jj? randn(0; I)?????????????????, ??????
?? Ejjrandn(0; I)jj  pD(1  1=4D + 1=21D2)??????.
???, ??????????????????? C+1 ??????:
h;t+1 =
8<:1 if
kp;t+1kp
1 (1 c)2(t+1)
< (1:5 + 1D 0:5 )Ekrandn(0; I)k
0 otherwise
(2.24)
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Algorithm 5: CMA-ES
1 t 1;
2 p;t = 0, pc;t = 0, Ct = I, t = 0:5(A B)???;
3 while ?????????????? do
4 ? (2.18)???, mt; t;Ct ???? ????????;
5 ?????????????, ????????;
6 ? (2.19)???mt+1 ???;
7 ? (2.21), (2.22)??? t+1 ???;
8 ? (2.24), (2.25), (2.26)??? Ct+1 ???;
9 t t+ 1;
pc;t+1 = (1  cc)pc;t+1 + h;t+1
q
cc(2  cc)effm
t+1  mt
t
(2.25)
Ct+1 = (1  ccov)Ct + ccov
cov
 
pc;t+1(pc;t+1)T + (h;t+1)C
t

(2.26)
+ ccov

1  1
cov
 X
i=1
wiOP

xi;t+1  mt
t

(2.27)
???, OP??????. ??, (h;t+1) = (1  h;t+1)cc(2  cc)???.
???, ?????????? (w; )-CMA-ES? Algorithm 5???. CMA-ES???
?????????????????, ???????????????? EA??????
???? [94, 10]. ??, ????????????, ?? EA????????. ??, ??
????????????????????? A.1.3??????????????????
???????? [10].
CMA-ES?????, ??? ??????????????????????????
???. ??????????????, ????????????????. ??, ???
????????? ???????????, ????????????????????
??. ???, black-box optimization ?????, ??????????????????
??????, ?????????????????????????????.
???????????????????, ??????? ?????????????
??????. ?????????? ? 2???????? IPOP-CMA-ES [9], ????
??????????? 1 ?????? NEW IPOP-CMA-ES (NIPOP-CMA-ES) [149],
IPOP-CMA-ES ? multi-start ? CMA-ES ? 2 ????????? BIPOP-CMA-ES[88]
???????, ???????????.
2.4.5 PSO
Particle Swarm Optimization (PSO) ? 1995??Kennedy? Eberhart??????, ?
??????????????????????????? [120]. ?? P t = fx1;t; :::;xN;tg
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Algorithm 6: PSO
1 t 1;
2 ??? fx1;t; :::;xN;tg, ????????? fv1;t; :::;vN;tg????;
3 while ?????????????? do
4 for i = 1 to N do
5 vi;t = wvi;t + c1U
1;i;t(xpbest;i;t   xi;t) + c1U2;i;t(xgbest;t   xi;t);
6 xi;t+1 = xi;t + vi;t+1;
7 for i = 1 to N do
8 if f(xi;t+1)  f(xpbest;i;t then
9 xpbest;i;t+1 = xi;t+1;
10 t t+ 1;
???? xi;t ??????? vi;t, ??????????????? xpbest;i;t ???.
??? GA ???????????????????????????????????
??????, PSO???????????????? (?????????) ?, ????
??????????????. ?????????????, Inertia weight model [210],
Constriction coecients [37] ? Fully Informed Particle Swarm (FIPS) [158], ?????
?????? gbest model [120, 210], lbest [222] ???????????????. ???
? [210] ????????????? gbest/inertia weight model???????.
?????? t = 1????, ?? P t ???????????????????????.
???, ???????, ????????????????:
vi;t+1 = wvi;t + c1U
1;i;t(xpbest;i;t   xi;t) + c1U2;i;t(xgbest;t   xi;t) (2.28)
???, w ????, c1; c2 ???????????. U1;i;t;U2;i;t ? D D ???????
?, ???????? [0; 1]????????????????. ??, xgbest;t ??? P t ??
??????????????? xpbest, ??? f(xgbest;t)  f(xpbest;i;t); 8xpbest;i;t 2 P t
???.
??????????, ????????????????:
xi;t+1 = xi;t + vi;t+1 (2.29)
??????????????????, xpbest;i;t ?????:
xpbest;i;t+1 =
(
xi;t+1 if f(xi;t+1)  f(xpbest;i;t)
xpbest;i;t otherwise
(2.30)
??????????????????????. ???, Algorithm 6????????
PSO ?????????. PSO ??????????????????????????,
??????????? EA????????????????????. ???, ? (2.28)
????????????????????????, ?????????????????
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???????????? [97]. ??, ????????????????????????
???, ????????????????? [135].
2.5 ?????????????????????
????, ??????????? EA??????????????. ???, 2.5.1??
??????????????????????, ???????????????????
?????????. ??, 2.5.2???????????????????????????
??, ????????????????. ???, 2.5.3???, ????????????
????, ????????????? BBOB benchmarks????????.
2.5.1 ????????????????????
????????? f ????????????????, ????? (A.1.1 ???) ?
?????? (A.1.2???) ???????????????. ????, ????????
??, ????????????????, ????????????????????. ?
?, ?????????? EA???????????????, ??????. ??????
???????????????, ??????????????????? A??? B ?
????????????????????????, ???????????? [3]. ???,
????????????????????????????????????. ??, ??
???????????????????????????????? No Free Lunch ??
????????? [254].
???????, EA????????????, ???????????????????
?. ???, ???? [219], ??????????????????? [115], ???? [195],
web???????????????? [22], ?????? [141] ??, ?????????
?, ?????????????????????????. ???, ??????, ????
??????????, ???????????????????????????????.
??, ???????????????????????????. ???, ???????
?, ???????? P ????, ?? A??? B ????, ?? A??????????
?. ?????, ??? P ??????????????, ????? P 0 ?????????
???. ??, ??, ?????????? C ????, ?? A, B ???????????.
???, ??????? P ???????????????, ???????? P ?????
?, ??????????????????, ???????????.
??????, ??????? EA ????????????????. ????, 2.2 ?
????????????????????, ?????????????????????
?????????????. ???, ????????? f(x) =PDj=1 x2j ???????
??. ?????????????? Sphere?? f(x) = PDj=1 x2j , Rastrigin?? f(x) =PD
i=1
 
x2i  10cos2(xi)+10

, Rosenbrock?? f(x) =PD 1i=1  100(xi+1 x2i )2+(xi 1)2
2.5 ????????????????????? 25
?????. ?????????????, ??????????????????????
???????. ???, Sphere??????, Rastrigin??????, Rosenbrock???
????????????????. ??????????? EA????????????
?, ????????? Sphere??????, ?? A??? B????????. ????
??, ?????????????????, ?? A????????.??,???, ????
???? Rastrigin????, ?? B????? A????????. ??????, ???
????????????????? B???????????????, ????????
???????????. ??, ???????????????????????????
???, ?????????????????????, ???????????????.
2.5.2 ??????????????????????????, ?????
???
2.5.1???, ???????????????????????????. ???, ???
??????????????, EA?????????????????????????
[67, 203, 252, 231, 138, 154]. ?????????, ??????????????????
????????????????????????. ????, ????????????
?????. ???, [260] ???????????????????????????, ??
?????????????????????? [138]:
1. ???????????????????,
2. ?????? (0; :::; 0)T ?????,
3. ??????????????????
???????????????????, ???????????????. ???, ??
??????????????????? (?? 1) ??, ?????????? x????,
???? i 2 f1; :::; Dg???????? xi ????? j ????? xj ? xj = xi ????
????????????????????, ????????????. ????????
?, ???? [138, 139] ??????????, MAGA [272] ? Best-so-far ABC algorithm
[17] ????????.
??, ?????? (0; :::; 0)T ??????? (?? 2) ?, ???? x????????,
????????????????????????, ???????????????, ?
????????????????. Liang??,???????????????????
??????????????????, MAGA [272] ?????? [138]. ??, ?????
?? Fireworks Algorithm [226] ?, ?????????????????????????
?????, ?????????????????????????????, [270] ????
?????.
???????????????????? (?? 3) ??, ?????????????
??????????????, ????????? [67]. ???, BLX- [58], UNDX [175]
26 ? 2 ? Black-box optimization ????????????????????
? SPX [243] ??????? GA? mean centric crossover?, ????????????
??????????, ?????????????????????. ????, ????
??????????????????, (3) ?????????????????????
?. ??, ????????????? particle???????? PSO???????, ??
?????????????????? [164].
??? 3 ?????????????, ???????????? f(x) ? 0 ?????
???????? [223]. ?????????, ????????????? 0 ??????
???????????????, ????????????????????*6 [242]. ?
?, Rastrigin????????????????????, ???????????????
???????????, MacNish???????? [154]. De Jong's benchmarks [114] ?
13 classical functions [260] ??????????????, ??????????????
??????, ?????????????. ????, ?????????????????
????????????????????????????????, Salomon?Whitley
???????? [203, 252]. ????????, Salomon [203] ? D  D ???????
??????, Whitley ? [252] ??????????????????????????
?????????. ???, Tan ?????????????????????? partial
separability (2.2.4 ???) ?????????????, ???????????????
??????????????? [231, 132]. ?????????????????????
? (2.2.3???) ?????. ???, Lunacek????????????????????
????, ????????????????????????????? [153]. ?????
?, ??????? Lunacek ????????????????????????????
???????????????.
2.5.3 ????????????? BBOB benchmarks
??????????????????????????????????, No Free
Lunch ??????????? [254]. ????, 2.2??????????????? EA?
????????????, ?????????????????????????????
?????????????????. ??????????????????????:
 De Jong's benchmarks [114]
 13 classical functions [260]
 CEC2005 benchmarks [223]
 CEC2013 benchmarks [137]
 CEC2014 benchmarks [136]
*6 [242] ??????????????????? 0 ????????????????, f(x) = 0 ???
??????. ????, f(x) = 0 ?????????????, ????????. ???, black-box
optimization????????????????????, f(x) = 0?????????????????
???.
2.5 ????????????????????? 27
 CEC2010 LSGO benchmarks [231]
 CEC2013 LSGO benchmarks [132]
 SOCO benchmarks [100]
 BBOB benchmarks [93]
De Jong's benchmarks, 13 classical functions????????????????????
??????????????????, ??????????????????. CEC2010
LSGO benchmarks, ?? SOCO benchmarks ? 1000 ????????????????
??????????????????. ??, CEC2005/2013/2014 benchmarks, ??
CEC2005 benchmarks?????????????????????????????. ?
??, CEC2005 benchmarks? black-box optimization????????????????
???????????????????????. ????, 2.5.1?????? ????
????? Sphere??????, ?? A??? B????????. ??????, ???
??????????????, ?? A????????.?????, ??????????
???????????????, ??????????????????????????
???.
??, BBOB benchmarks????????????, Hansen?????????????
????????. BBOB benchmarks?????Genetic and Evolutionary Computation
Conference (GECCO) ? 2009 ?, 2010 ?, 2012 ?, 2013 ?, 2015 ?????????
??????Black-Box-Optimization-Benchmarking???, ?????????????
?????????, ?? black box optimization ?????????????????
???????????????????????????. ??, Hansen ?????
? COmparing Continuous Optimisers (COCO)*7 ???????????, ??? Black-
Box-Optimization-Benchmarking???????????????????????, ??
??????????.
BBOB benchmarks ? 24 ?????????? f1  f24 ?????????, f1  f5
?????????, f6  f9 ???????????, f10  f14 ???????????,
f15  f19 ?????????????, f20  f24 ?????????????????. ?
2.2?, BBOB benchmarks [91, 93] ? 24???? f1  f24 ????????? [159] ??
?. ????????????, ???????, ???????????????????
??????????????, ?? C ???????. ? 2.2??, f1  f5 ??????
??????, ???????????????????????????????. ??,
plateau???????? f1  f24 ?????????????????????.
??????????, ???????????????? BBOB benchmarks ????
??????.
*7 http://coco.gforge.inria.fr/
28 ? 2 ? Black-box optimization ????????????????????
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? 3?
Dierential Evolution
????, ??????? EA ??????? Dierential Evolution (DE) [220, 221] ?
??????. DE ???? 1995 ??????????? [220], ?? 1997 ??????
? [221] ??? Storn ? Price ??????. 2.4 ????????? EA ?????, DE
?????, ??????????????????, 2.3.1??????? Nelder-Mead?
????????????????. DE ????????????????? EA ???
?, DE ??? P t = fx1;t; :::;xN;tg ???? xi;t (i 2 f1; :::; Ng) ?, ?????????
? xi;t = (xi;t1 ; :::; xi;tD )T ??????. ???, N ???????, D ???????. ?
??, ?? P t ????????????????????, ??????????????
ui;t*1?????. ????? i????, ?? xi;t ???? ui;t ???????????, ?
??????.
DE ??????????????????????, ?? EA ???????????
????????????? [43]. ???, 3.1 ??????????? DE ??????
?, 1996???????, IEEE???????????? IEEE Congress on Evolutionary
Computation (CEC) ????????????????????????? 3 ?, 1997 ?
?? 1?, 2005??? 10??????? 2???????. ?????, DE???????
???????, 2006?? 2010??????????????? 1?, 2009???????
????? 1???????. ?????????, ???? DE????????????
???.
??????? 3.1??????? DE?????????????, 3.2??? DE??
?????, ?????????????????????????, ??????????
??. ??? 3.3 ???, ???, ???????????? DE ????????????
??.
*1 DE??????????trial vector?, trial vector??????????????????mutant vector?
???. ???, ???????????????????????????, trial vector????, mutant
vector?????????????.
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3.1 ???? Dierential Evolution??????
???????? DE?????? [220, 221] ???????. ??? 3.1.1??? [221]
???????????????????? DE ??????????????. ???,
3.1.2 ????????????, ???????????????????? DE ????
?????????.
3.1.1 ?????? DE??????
????, [221] ?? DE/rand/1/bin???????, ???? DE??????????
? (Algorithm 8). ???, [220, 221] ?? DE/X/Y /Z ????????????????
?. ?DE?? DE???????????, ?X????????????????????
?,?Y????????????????????,?Z?????????. ???, ???
??????????????????????????????, ??????????.
??, ?????? t = 1 ????, ??? xi;t; i 2 f1; :::; Ng ?????? S =
[xminj ; x
max
j ]
D; j 2 f1; :::; Dg?????????????? (Algorithm 8, 1??):
xi;tj = (x
max
j   xminj ) rand[0; 1] + xminj (3.1)
???, rand[0; 1]??? [0; 1]?????????????. ???????, ??????
?????????????????, ????????????????????, ???
????????, ?????????????????. ???, ???????????
(??????, ??????) ????????, ???????????????????
????????, ?????????????.
??? t????, ?? xi;t ??????? vi;t ???????????????????
?????????? (Algorithm 8, 4??):
vi;t = xr1;t + Fi;t (x
r2;t   xr3;t) (3.2)
???, ?????? Fi;t 2 (0; 1]????????????????????????. ?
?? DE??, ?????????, Fi;t = F ??????????????. r1; r2; r3 ? i
?????????? f1; :::; Ng??????????????????*2. ??, ? (3.2)?
rand/1??????????????.
??, ??? xi;t ????? vi;t ? binomial??????????, ??? ui;t ????
? (Algorithm 8, 5??). Binomial??? Algorithm 7???. ???, rand[0; 1]? [0; 1]
?????????????????, randi[1; D]? fi; :::; Dg?????????????
???????. Algorithm 7??? binomial ??????, ???? vi;t????? 1??
*2 DE????? [221] ??, ??????????? xr1;t ? base vector??????. ???, ?????
?????????????????, ?????????????????.
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Algorithm 7: Binomial ??
1 jrand  randi[1; D];
2 for j = 1 to D do
3 if rand[0; 1) < Ci;t ?? j == jrand then
4 ui;tj = v
i;t
j ;
5 else
6 ui;tj = x
i;t
j ;
Algorithm 8: [221] ????????????? DE??????
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 while ?????????????? do
3 for i = 1 to N do
4 ? (3.2)??????? vi;t ???;
5 xi;t ? vi;t ? Algorithm 7? binomial??????, ??? ui;t ???;
6 for i = 1 to N do
7 if f(ui;t)  f(xi;t) then
8 xi;t+1 = ui;t;
9 else
10 xi;t+1 = xi;t;
11 t t+ 1;
???? ui;t ??????????, jrand ??????????. ??, ??? Ci;t 2 [0; 1]
???? xi;t ????? vi;t ??????????????? ui;t ???????????
???????????. ??? F ????, ??? DE???????????, Ci;t = C
??????????????. ??? 2 ?????, GA ??????????????
??.
???????????????, ??? t+1?????????? (Algorithm 8, 6  10
??). DE??, ??? xi;t ???? ui;t ????, ????????????? t+ 1??
????:
xi;t+1 =
(
ui;t if f(ui;t)  f(xi;t)
xi;t otherwise
(3.3)
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3.1.2 ????????? DE??????
3.1.1???, [221] ????????????? DE???????????. DE???
?? [221] ??, ??????? rand/1, ????? binomial?????????????
?????, ????????????????????? [220, 59, 188, 267, 43]. ???,
?????????????, ???????????????????????? DE??
???????????.
Algorithm 8 ?????????? DE??????? Algorithm 9???. ??, ???
??????????? 3.1???. Algorithm 9? 3??????, ? 3.1???????
?????????????, ???? vi;t ?????.
r1; r2; r3; r4; r5 ? i ?????????? f1; :::; Ng ????????????????
??. xbest;t ??? t ?????? P t ????, ???????????????, ???
f(xbest;t)  f(xi;t); 8xi;t 2 P t ???. xpbest;t ??? P t ??????????????
?, ?? max(bN  pc; 2) ??????????????????. ??, p 2 [0; 1] ???.
current-to-pbest/1? rand-to-pbest/1? ~xr2;t, ~xr3;t ?, ?? P t ??????At ????
???????????????. ? (3.3)???????, ??? ui;t ?????????
?? xi;t ?????? At = fy1;t; :::;yA;tg??????. ??, ????? At ?????
??????????? A???????, f1; :::; Ag?????????????????
??At ???????.
Algorithm 9? 4??????, xi;t? vi;t?Algorithm 7? binomial??, Algorithm 10
? exponential??, ?? 8?????? Algorithm 22? Shued Exponential Crossover
(SEC) ??????????????, ??? ui;t ?????.
3.2 DE??????????
????, DE???????, ?????????????????????????, ?
???????????. 3.2.1 ?????????, 3.2.2 ??????????????.
3.2.3??? DE????????????????.
3.2.1 ?????????, ????
?? EA????????
GA? ES????????????????, PSO?????????????????
???????????, DE ???????? Nelder-Mead ? [167] ?????????
???? [221]. ????, DE? EA?????????, ???????????????
???????????? EDA [201, 206] ????, ?????????????????
??.
???? GA???????????????? [216], 2.4.2?????????????
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Algorithm 9: Algorithm 8?????????? DE??????
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 while ?????????????? do
3 for i = 1 to N do
4 ? 3.1????????????????? vi;t ???;
5 xi;t ? vi;t ? Algorithm 7? binomial??, Algorithm 10? exponential??
??????????????, ??? ui;t ???;
6 for i = 1 to N do
7 if f(ui;t)  f(xi;t) then
8 xi;t+1 = ui;t;
9 else
10 xi;t+1 = xi;t;
11 t t+ 1;
? 3.1: DE????? 8????????. ??? DE???????????, Fi;t = F ?
?????????????.
????? ??
rand/1 vi;t = xr1;t + Fi;t (x
r2;t   xr3;t)
rand/2 vi;t = xr1;t + Fi;t (x
r2;t   xr3;t) + Fi;t (xr4;t   xr5;t)
best/1 vi;t = xbest;t + Fi;t (x
r1;t   xr2;t)
best/2 vi;t = xbest;t + Fi;t (x
r1;t   xr2;t) + Fi;t (xr3;t   xr4;t)
current-to-rand/1 vi;t = xi;t + Fi;t (x
r1;t   xi;t) + Fi;t (xr2;t   xr3;t)
current-to-best/1 vi;t = xi;t + Fi;t (x
best;t   xi;t) + Fi;t (xr1;t   xr2;t)
current-to-pbest/1 vi;t = xi;t + Fi;t (x
pbest;t   xi;t) + Fi;t (xr1;t   ~xr2;t)
rand-to-pbest/1 vi;t = xr1;t + Fi;t (x
pbest;t   xr1;t) + Fi;t (xr2;t   ~xr3;t)
GA???????????????????, ????????????????????
????????????? (2.4.2???). ????, ???????? GA??????
???????????????, ???????????? [175, 243, 46]. ??, DE??
?????????????????????????????.
DE?????????? 3.1????????????????????????. ??
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Algorithm 10: exponential ??
1 ui;t = xi;t, k  1, j  randi[1; D];
2 repeat
3 ui;tj = v
i;t
j , j  1 + j modulo D, k  k + 1;
4 until rand[0; 1) < Ci;t ?? k < D;
??, ???????????????????????????????????????
????, ?????????????????????????, ???????????
????????????????. ??, ??????????????????????
?????????, ????????????????. ????, CMA-ES (2.4.4???)
????????????????????  ??????????????, DE ????
???????????????????????????. ??, ??????? GA??
????????????????????????? [48], DE????????????
?????????????????.
???????????, ??? DE ?????? (Algorithm 8 ??) ? 10 ???
Rastrigin ?? f(x) = PDi=1 x2i   10cos2(xi) + 10 ???????, (a) ??? xbsf ?
??? x ????????? jf(xbsf )   f(x)j, ?? (b) ?????????????
????????? k(xr1;t   xr2;t)k????????? 3.1???. ??, ???????
[ 5:12; 5:12]D ???. ??????????, ????????????????????
?????, ? 3.1?????.
PSO??? (2.28)????????????????????????? xpbest;i;t, ??
?????????????? xgbest;t ??????????????. ????, ????
????????????????, DE ???????? PSO ????????????
?????. ???, PSO????? w ???? 1??????????????????,
DE??????????????????. ??, PSO????????????????
???????????????????, DE???????? F ???????????
??????????????.
??????????
? 3.1 ????, rand/1, rand/2, best/1, best/2, current-to-rand/1, current-to-best/1,
current-to-pbest/1 [267], rand-to-pbest/1 [266] ? 8 ?????????????????
?. ???? vi;t ?, ???? xbest;t ???????? best/1 ? best/2, ??????
xbest;t ??????????? current-to-best/1?, rand/1, rand/2??????????
?????????????. ???, rand/1, rand/2?????????????????
?? xr1;t ???, ?? xr1;t ????????? vi;t ????? current-to-rand/1?, ??
??????????????. rand/1, rand/2, best/1, best/2???, current-to-rand/1
? current-to-best/1???? xi;t ????????????, xi;t ??????? vi;t ??
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? 3.1: ??? DE?????? (Algorithm 8??) ? 10??? Rastrigin?????????, (a)
??? xbsf ???? x ????????? jf(xbsf )   f(x)j, ?? (b) ????????????
?????????? k(xr1;t   xr2;t)k???????. ??????? rand/1, ??? binomial?
?????, N = 50, F = 0:5, C = 0:1???. ?????????????, 15?????????
????. ??, 15????????????????????????.
?????????????. ??, DE?????????, rand/1?? rand/2, best/1?
? best/2?????????, ??????????????, ?????????????
vi;t ???????.
current-to-pbest/1? current-to-rand/1? current-to-best/1?, ??????? p???
???????????????????. p 2 [0; 1] ?????????????????
????????????, p = 1?? current-to-rand/1, p = 0???? current-to-best/1
???. ????, current-to-pbest/1 ? p ???????????, ??????????
??????????????????. ??? rand-to-pbest/1 ???????????
???. ??, ??? A > 1 ?????? A ???????, ?????????????
(xr1;t  xr2;t)??? (N   2)(N   3)?? (N   2)(N +A  3)????????, ????
???????.
? 3.1????, ?????????????????? trigonometric mutation [59], ?
?????????????????? either-or [188], ????????????????
?? [40], ????????????? [224, 78] ???, ????????????.
3.2.2 DE????????????? C ???
DE ???????????? binomial ??? exponential???, ???? GA???
?????? 1, 2 ??????????. ???????, ??????????????
(3.3.2???), ?????????????????????????????? [188, 140].
??????????, binomial??? exponential??????????????????
?? [220, 161]. 2005? 2010????? DE???????????, ??? binomial?
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(d) C = 1
? 3.2: 2??? Sphere??????, ????????? DE?????????????? 2; 000
????????. ??????? rand/1, ??? binomial ??????, ??? N = 10, F = 0:5
???. (a), (b), (c), (d)??, ???? C ? 0, 0.5, 0.9, 1.0?????. ??, [224] ? Figure 1, ?
? [43] ? Figure 4 ??????????, ???????.
???????? [196, 27, 28, 257, 267, 189]. ??, ???? exponential ???????
?????????????? [170, 99, 29, 269, 128, 268]. ??, Soft Computing Journal
? D = 50; 100; 200; 5000; 1; 000 ????????????????? EA ????*3??
???? SOUPDE [251], DE-D40 + Mm [73], GODE [246], GaDE [258], jDElscop [29],
SaDE-MMTS [269], MOS [128] ???? 7?? DE???????, ?? exponential??
???????. ??????, Zhao? Suganthan??????????? exponential ?
???? binomial?????????????????? [268].
??? C ?, ??? xi;t ????? vi;t ?, ?????????? ui;t ????????
?????????. C ?????, ??? xi;t ????????? ui;t ???????, ?
??, ?????????????????????. ??, C ?????, ???? vi;t ?
*3 http://sci2s.ugr.es/EAMHCO (2015? 11? 10???)
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???????? ui;t ???????, ???, ???????????????????.
C = 0:0??, 1??????????????????????????????????
????. ??, C = 1:0?????????????? (3.3.1???) ?????, ????
?????????????????.
C ??????????, ? 3.2?, D = 2? Sphere?? f(x) = PDi=1 x2i ??????
??????? DE?????????????? 2; 000???????????. ???,
? 3.2?, [224] ? Figure 1, ?? [43] ? Figure 4??????????????. ????
??? rand/1, ??? binomial ??????, ??? N = 10, F = 0:5 ???. ? 3.2(a),
(b), (c), (d)??, ???? C ? 0, 0.5, 0.9, 1.0?????. C ?????????, ???
???????????????????, C ?????????????????????
????, ? 3.2?????.
3.2.3 DE???????????
DE?????, ???? i 2 f1; :::; Ng?????? xi;t ???? ui;t ?????. ??
?, ???????????????????, ??? f(ui;t)  f(xi;t) ????????,
xi;t+1 = ui;t ???. ????, DE????????????????????? (???)
???? P t ???????, ?????????. ??, ????? i??????????
??????????????????? [190].
?????????????????????????, GA ????????, ????
??????????????????????????????? 1995 ???????
Deterministic Crowding [155], ????? GPU???????????????????
???? [241] ????????????. ??, EDA [239] ? ACO [240] ???????
??, ???????????????????.
??????????????, ??????????????????? PSO (2.4.5?
??) ?, ????????? CMA-ES (2.4.4???) ???????????? EA???
??. ???????????????, G3?????? steady state?? GA?????
??? (2.4.1, 2.4.2???) ???????. ???, GA???????????????
?????????????????, ??????, ?????????????????
[205]. ??, DE??????????????????????????????????
?, ?????????????????????????????????????. ??,
DE????????? xi;t ???? ui;t ????????????????????. ??
????, SA (?? A.2.3???) ???????????????????? DE????
????????????, ????????? DE??????????????????
? [42].
? (3.3)?????, f(ui;t)  f(xi;t)?, ??????????????????????
??, xi;t+1 = ui;t ???. ????, ?????????????????? (plateau) ?
?????????, DE???????????????. ??, ? (3.3)????, ? <
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?????, plateau??????????????????? [188].
3.3 DE???????
3.2 ???, DE ???????, ?????????????????????????,
?????????, ????????????????. ???, ???? DE?????
?????????.
??? 3.3.1?????????????????????????, 3.3.2??? binomial
??? exponential ?????????????. ??, Zaharie [262] ?????? N , ?
????? F , ??? C ??????????????????????????????,
?? B????????.
3.3.1 ???
????, ??????????????????????, ?????????????
???????????????????. ????? A??????? A0 ????, ??
????????????????????????????, A? A0 ?????????
???. ???, ?? A???????, ?????????????????, ??????
????????? A0 ??????. ????, ?????????????????, ??
?????????? [86, 74]. ???, [10] ??????????????, ???????
??, ?????????????????????????.
DE???? 3???????????????????????:
1. ???????????????? (linear transformation)
2. ?????????????????????? (order-preserving transformation)
3. ????????????? (rotation transformation)
???, ????????????????, DE???? CMA-ES?????? [86, 10].
???????????????? (??? 1) ?????, ??????? S =
[xminj ; x
max
j ]
D; j 2 f1; :::; Dg ?,  > 0 ???? S = [  xminj ;   xmaxj ]D ???? 
?????????, ???????????????. DE, ?? 2???????????
????, ????????? *4.
?????????????????????? (??? 2) ?????, DE??????
????????????????. ???, ?????????????, ????????
? f(x1)  f(x2)  :::????????????. ???, ???? g ???????? f
? g  f = h?????????, h(x1)  h(x2)  :::?????????????, DE?
??????????? h??????????. DE??????, ????? EA???
*4 ???,  > 0???? ut = xt +  randn(0; 1)????????? ut ????????, (1) ?????
????. ??, ut = xt +  (xmax   xmin) randn(0; 1)????????? (1)????????.
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?????? *5. ??, A.1??????? BFGS???????????????????
??????, ?????????? [10].
??? ????????????? (??? 3) ??, D  D ????? R ????,
f : x ! f(x)? fR : Rx ! f(Rx)?????, ???????????????. ???
???????????, ????????, ??????????????????????
????. 2.4?????? EA????, SPX? PCX??????? GA, ?? CMA-ES
???????????, ???????? GA ? PSO ??????????. DE ???
?????????? C = 1?????, ??????????? [188].
3.3.2 ??
????, 3.1??????? DE? binomial??? exponential???????????
??, ?? [188, 263, 140] ???????.
Binomial ????, D ????????????????, ???? vi;t ????? ui;t
???????????????. ???, ????????????????? L????,
L ????? P (L = h) ? D ? C ??????????????? [188, 263]. ????,
P (L = h) = hCD(C)
h(1   C)D h ???. ???, Algorithm 7? 3??? jrand ????
??, ?? 1??????? vi;t ??????????, P (L = h)???????????
?? [140]:
P (L = h) = h 1CD 1Ch 1(1  C)D h (3.4)
???, ? (3.4)? 3????????????.
???? vi;t ?????? vtj (j 2 f1; ::::; Dg)????????????? pm ?, ???
???? C ???. ???, ?????? Algorithm 7? 3??? jrand ??????, ??
vi;t ?? 1???????, 1=D ??????????????????????, ????
???????? [263]:
pm = C

1  1
D

+
1
D
(3.5)
??, ?? p???? n???????????? np?????, L???? E(L)???
?????? [263]:
E(L) = D  pm
= (D   1)C + 1 (3.6)
??, exponential?????????. exponential????, ?? C ?????????
?, ???? 1  C ???????????????????????, ?????????,
*5 (2) ????????? EA ?????, ????????????? (2.7) ???????????? GA
?????? [74]. ?????? ABC [116] ???????????. ??, ? (2.8)??????????
?? GA?, (2)????????.
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(f) D = 40
? 3.3: D = 2; 3; 5; 10; 20; 40 ????, binomial ??? exponential ??? C (??) ??????
? L???? E(L) (??) ???. E(L)????D?????????. ??, [263] ? Figure 1, ?
? [140]? Figure 10???????????.
??????? D ?????????. ????, exponential??? L?????????
????, P (L = h) = (1   C)Ch ??? [263]. ???, Algorithm 10 ??? exponential
????, f1; :::; Dg ??????????????????????????, ?????
ui;t ???????. ????, P (L = h) = (1   C)Ch 1 ??????????. ??,
Algorithm 10???? L = D??????, ?????????????????????.
???????, exponential??? L????????????????:
P (L = h) =
(
(1  C)Ch 1 if h < D
CD 1 otherwise (if h = D)
(3.7)
??, ??? E(L)?? (3.7)??, ?????????:
E(L) =
 
(1  C)
D 1X
h=1
 
h Ch 1
!
+D
 
CD 1

=
1  CD
1  C (3.8)
???, D = 2; 3; 5; 10; 20; 40 ????, binomial ??? exponential ??? C ????
E(L)????, ? 3.3???. ??, ? 3.3? [263] ? Figure 1, ?? [140]? Figure 10?
??????????. ? 3.3 ??, D = 2 ????? binomial ??? exponential ???
E(L) ????????????????. ??, ???????????????????
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????????. binomial??????? C ? E(L)???????, exponential???
???????. ????, ??? C ????????????? E(L)=D ???????.
??, D = 20; 40?????, C = 0:8????? E(L)=D ???????????????
?. ?????, exponential??????????????????? C ????????
?????, ????????? E(L)? C ??????, ???????????????
???.
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? 4?
EA, ?? DE???????????
??????????
3?????? DE?, ??????????????????????????????
?????????. ??, DE???????????????? (??? N , ??????
F , ????? C) ??????????, ???????????????????????
?????????????????. ???????????? DE??????, ???
?? EA???????????.
??????????????????????? EA, ?? DE???????????
?????????. ?????, ??? 5  8???????.
???, 4.1 ??? DE ??? EA ?????????????????????. ??,
4.2???, ???????????????????????????? (4.2.1?) ???
????? (4.2.2?) ????, ????????. ?????????, (1) ???????
???, (2) ??????????, (3) ????????????? 3 ?????????
????????. ???, 4.3??? DE?????????????????, 4.4???
DE??????????????????????. ??? 4.5???, ????????
? DE???????.
4.1 ?????????????????????
2015???????, ??????????????? EA?, ???????. Harik?
Lobo? Parameter-less GA [98] ????, ??????????????????????
?????????????? [23, 77]. ???, ????????????????????
(???????????) ? EA ??????????????, ???????????
????????????????Parameter-less????, ???????Parameter-less?
????.
????, ??????????? EA??????, ????????????????
????? [54, 146, 56, 119]. ??? GA???????, ???????????????
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?????????????????????, ????????????????????
??????????. ??, ??????????????????????????, ?
???????????????????????????????????, ???? (?
????????????) ???????????????. ????, ??????, ??
????????????????????. ?????, ???????????????
?????????, EA???????????????????. ????, EA????
??????????????, ??????????? EA??????????????
???????.
???, ??????????????????????????????, ??????
?????????????????????????? [112, 208]. ?????, ????
? [174], ???? [141], ???? [129]????????. ???? 1??????????
??????, [174] ??? 11?, [141] ????? 10  12?, [129] ??? 60????. ?
??????????, ?????????????????????? (??????) ?
????????????????. ?????????????????????????
?????????, ????????????????. ???, ????????????
????????????? (???, ??????????????? [171]) ??????
????, ????????????????????????????????. ????,
?????????????????????????????, ????????????.
????????????????????????, EA??????????????
??? [13, 76, 101, 37]. ???, ???????????????????????????
??????, ???????????? Eiben????????? [54]. ???, [213] ??
??????????, ???????????????? EA????????? No Free
Lunch??? [254] ???????. ??, ??????????????????????
?????????????, ????????????????????????????
?????????????????, ???????????????????? EA??
?????????. ???, ??????????  ????????????, ?? t?
???? t ???????????. ????, ????????????????????
???, ????????????????????????? [235, 265, 39].
??, ????????? black-box optimization?? (2.1.4???) ?????, ???
?????????, ????????????????????, ???????????
??????????????????????????????????, ??????.
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4.2 ???????????????????
????, ?????????????????????, ???????????*1 *2?
??????????????. ???, ????????????????????, 1999
?????? Eiben?????????? [54] ???????, ???????, ?????
??????:
1. ??????????? (parameter tuning)
2. ??????? (parameter control)
(1) ?????????? (deterministic parameter control)
(2) ?????????? (adaptive parameter control)
(3) ???????????? (self-adaptive parameter control)
????????????, ????? EA????????, ?????????????
?????????? EA ???????????????????????????. ?
?, ???????????????? EA??????????, ????, ???????
???????????????????. 1990??????, ?????????????
???????????????????????????????, ??????????
[54]. ???, ??? Eiben?????????, ????????????????????
???.
????, Eiben???????????, ????????????. ??? 4.2.1???
???????????????????, 4.2.2??????????????????.
4.2.1 ???????????
????????????????????
????????????, ??????????????????? A, A??????
?????? k ????????????  1  ::: k, ????? I = (I1; :::)??
??????????, ????? I ???? A????????????????????
??  = (1 ; :::; k)?????????????????? [107]. ???, ???????
?????????????????. ????, EA?????????????????
????????????????????? (??????????) ?????????.
?????????????????????????, ???????????????
?????????, ???????????????  ?????????????. ?
?? GA ??????????????, ???????, ??????????????
*1 ????, ???????????????????????? (algorithm conguration) ???????
??? [107].
*2 ???????????????????????, ?????????????????????????
????? [69].
4.2 ??????????????????? 45
?*3??????. ????, A??????????????????? ?, ??????
??????????????. ??, Hooke-Jeeves? (A.2.2?) ? Nelder-Mead? (2.3.1
?) ??????????????????????, ???????? (A.2.3?) ? EA?
????????????, ???????????????. ????, ?????????
???????????, ???????????????. ???, ???????  ??
??????????, ??????????? A?????? I ???????????.
??? A? I ? 1??? 1??????? 10????????. ???, jIj = 360???
????, I ?????????????? A??????? 1 ???????. ?????
??, ???????  ???????????????????????????????
??, ??????????????????, ????????????????????
????. ???????, ????????????????????.
????????????
???????????????,??????????????????? [56]. ????
????????????????,??????????????? 1986??Grefenstette
????????? GA?????????????? GA (meta-GA) ?????? [81].
???, ????? [1] ????????????? [165] ???????????????
???????????????????????.
2000 ??????, F-race [20], Sequential Parameter Optimization (SPO) [18], Rele-
vance Estimation and VAlue Calibration of EA parameters (REVAC) [166]??????
???????????????. ???, ??????????????, ????????
?????? A ?????? I ?????????????, ?????????????
?  ????,  ???????????? A?????? I ??? 1?????????
???????????,  ????????. ????????????????????,
??????????????????????????? best ?????.
???,  ?????????????, ???, ??????????????????
???, SPO ???????????????????????????????????
????????. ??????, 2009??????? ParamILS [107] ?, ???????
???????????????????????????, ?????????????
???. ParamILS????, Gender-based GA (GGA) [5], Iterative F-Race (irace) [148],
Sequential Model-based Algorithm Conguration (SMAC) [106]????????????
???????????????.
????, ????????????? I ??????????????????, ???
?????????????? A??????????????????????????
?????. ????, ????????????????????????????, ??
*3 ??????????????????????????????????, ??????????? [148].
DE?????????? (? 3.1? rand/1, rand/2??)?, ??????? (binomial??, exponential
??) ??????????????????????????.
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??????????????????? I ?????????????, ????????
? A??????????????????????. ???, 4.3???????????
??, ????????????????????????????????????, ??
????????????????????????????????.
4.2.2 ???????
1999?????? Eiben?????????? [54] ??, ??????????????
????????????????, ????? 3????????:
1. ?????????? (deterministic parameter control)
2. ?????????? (adaptive parameter control)
3. ???????????? (self-adaptive parameter control)
????, ?? 3?????????????, ????????. ??, ????????
???????? EA????????????????. ??, ????????????
?????????????, ???????????????????. ????, ? 4.1?
???????? EA?????????????????.
1. ??????????
????????????, ?????????????, ??????????????
????????????????. ???, GA???????? (???????????
??) ?????????????????? [64] ???, ???????????????
?. ??. ??????????????????????????????? SA (A.2.3?
??) ?, ???????????????????????.
GA ????, PSO ?????????? (? (2.28)) ???? w ??????????
[210], ???? [271] ???????????????. ????, ???????????
?????????????????, ????????????????????????
???????????????????.
????????, ?????????????????? [127], ???????????
?????????? %???????? [72] ??????????. [127] ? [72] ??
?????????, ???????????????????????? [44], ?????
?? 2???????? [9] ??????????.
????????????, ??????????????????????, ?????
????. ??????, ????????????? t????????????????
? [118], PSO??????? w ?????????????? [52], GA????????
??, ????????????????????????? [123] ??????????.
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? 4.1: 4.2.2????????????????????. ???, ???????????
????????????????????, ?????????????????????
?????????????? [267]. ???, ??????????, ??????????
???????????????????.
??????? ??? ?? EA ???????
Decreasing-IW [210] PSO ??? w
Increasing-IW [271] PSO ??? w
Random-IW [52] PSO ??? w
[64] GA ?????
?????????? SVPS [127] GA ???
saw-tooth GA [123] GA ???
GL-25 [72] ??? GA ???
IPSO [44] PSO ???
IPOP-CMA-ES [9] CMA-ES ???
ES [118] ES ??????????
1=5 success rule [15] ES ??????? 
Self-adaptive [235] GA ?????
AER [4] ??? GA ?????
?????????? Self-adaptive [49] ??? GA ?????
GAVaPS[6] GA ???
APGA [14] GA ???
D-MAB [38] GA ????
AOS [63] GA ????
Self-adaptive ES [16] ES ??????? 
EP [16] EP ??????? 
FEP [260] EP ??????? 
???????????? Self-adaptive [47] ??? GA ?????
Self-adaptive [12] GA ?????
Adaptive CCG [204] GA ???????????
GASAP [55] GA ???
48 ? 4 ? EA, ?? DE?????????????????????
2. ??????????
????????????, ????????????????????????????
?. ???????????????????, ??? 2.4.3?????? (1 + 1)-ES? 1=5
success rule [15] ???. 1=5 success rule??, ? (2.14)????????????, ???
???????????????  ??????????????????. ???????
??????????????, CMA-ES [96] (2.4.4???) ??????.
GA ?????, ???????????????????? [218, 235, 49, 4]. Thierens
????? [235] ??, ?????????? pm ?????, (1) pm, (2) pm ??????
?, (3) pm ??????????????????????????????. ???, ??
????????????? pm ??????????????. [49] ????? GA (2.4.2
???) ????, ????????????????????????????????, ?
?????????????????????????, Nelder-Mead? (2.3.1???) ??
??????????????. ?????? GA????, [4] ????????????
???, ??????????????????????????????????????
??????, ?????????????????????????????.
??????????????????, Genetic Algorithm with Varying Population
Size (GAVaPS) [6] ? 1994 ???????. GAVaPS??, ???? lifetime ????, ?
????????????????????. GAVaPS????, ????????????
??????????? [14]. ???, GAVaPS ???????????????????,
????????????????? 5  6??????????????????????
???? 2005?? Lobo? Lima???????? [145]. ??????, ????????
???????????????????????????????????.
????????????????, ??????????????????????, ?
???????????????????????????? Adaptive Operator Selection
(AOS) ???????????? [236]. Spears ???????????????????
?????????????????, ?????????? [217]. AOS?????, ???
???????? o1; o2; :::?????????????????????. [38] ?? AOS?
multi-armed bandits???????, Upper Condence Bound (UCB) [8] ???????
??????????. Fialho?? AOS? (1) ??????? o1; o2; :::????????
?????, (2) ??????????????????? 2???????, ???????
??????????????????????? [63].
3. ????????????
???, ??????????????, ??? xi;t ?????????????????
?? i;t ???????. ???, ??????????????????????????
? i;t ????????????. ??????????????????????????
??, ?????????????????????.
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??????????????????????, Self-adaptive ES [16] ??????. 1=5
success rule (2.4.3 ???) ?????, ???????????????????????
?  ??????????:
0t = t exp (  randn(0; 1)) (4.1)
???,  2 [0; 1] ???????. ? (4.1) ?????????? 0t ????, ? (2.14) ?
?????????. ???, ???? ut ??? xt ?????????????????
t+1 = 
0
t ??, ??????? t+1 = t ???. ?? Self-adaptive ES ???????
???? Evolutionary Programming [16, 260] ????????????. ??, [47] ??
Self-adaptive ES????????? GA???????.
?????, Back?? x????? (x1; :::; xD)???????? p = (p1; :::; pD)???
?, ?????????????? p?????, p??????????????????
?? [12]. [204] ??, GA??????????????????????????????
??, ??? GA???????? [45] ?????????????. [55] ??, ?????
???????????? p?????, ??????????? p???????????
???, ??????????????????.
?????????????????????????, Zhang ? Sanderson ?????
??????, Self-adaptive DE [27] (??? 4.5.1???) ???????????????
????????????????????, ?????????????????????
??????????? [267]. ???????, ????????????????????
?????, ?????????????.
4.3 DE?????????????
4.1?????????, ???? EA???????????????????????
???????????. ?????????? DE?????????, DE??????
????????????????????????????? [220, 221]. ???, ???
??????, ??? EA???? DE????????????????????????
???????? [71, 196, 274, 27]. ???, ???? DE???????????? N , ?
????? F , ??? C ???.
2002 ??????? Gamperle ??????????? [71] ?, ??? DE ?????
?????????????????. Gamperle ?? 2, 5, 20 ??? Sphere, Rastrigin,
Rosenbrock??????, ??? DE?????? (Algorithm 8) ???????????
???????, ??? N ? f3D; :::; 8Dg????, F = 0:6, C ? [0:3; 0:9]???????
??????????????? [71]. ??, Ronkkonen??, F ? (0:4; 0:95]????, C
??????????????? [0:0; 0:2], ?????????? 0.9??????????
????? [196]. Zielinski ????????????????????????? 16 ??
?????????????, F = 0:7, C = 0:9???????? [274]. ??, ??? N ?
50 ? 4 ? EA, ?? DE?????????????????????
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(a) Rastrigin?? (D = 10)
0 20000 40000 60000 80000 100000
 Number of evaluations
10-9
10-7
10-5
10-3
10-1
101
103
105
107
109
Er
ro
r v
al
ue
s 
of
 b
sf
 s
ol
ut
io
ns DE (C=0.1)
DE (C=0.9)
(b) Rosenbrock?? (D = 10)
? 4.1: C = 0:1, ?? 0:9 ?????? DE ?????? (Algorithm 8) ? 10 ??? Rastrigin ?
?? Rosenbrock ?????????. ??????????, ?????????????????
??? f(xbsf ) ???? f(x) ???? jf(xbsf )   f(x)j ???. ??????? rand/1, ???
binomial??????, ??? N = 100, F = 0:5???. 15?????????????.
30????????????. Brest???? [27] ??, F ? C ???????????, ?
????????????????????. ?????????????????????
????? Auger???? [10] ??, N = 10D, F = 0:8, C = 1???????????.
???, F ? C ???????????????????????, ??? DE??????
?????????????.
??? DE??????????????????????, DE???????????
?????????????, DE ???????????, ??????????????
??????????????????????????????. ????????, ? 4.1
?, C = 0:1, ?? 0:9?????? DE?????? (Algorithm 8) ? 10??? Rastrigin
??? Rosenbrock??????? 15??????????. ??? N = 50, F = 0:5??
?. ?????? Rastrigin??????, C = 0:1???????????????????
?????????, C = 0:9????????????. ??, ??????? Rosenbrock
??????????????. C = 0:9???????????????????????
????, C = 0:1??????????????. ????? DE???????????
?????????????????, ????????????????????????
???????.
4.4 DE???????????
4.3?????????, ??? EA???? DE??????????????????
??????????. ???????????????????????????????
black-box optimization???????, ???????????????????????
???. ???, ??????????????????????????????. ???,
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? 4.2: 4.4 ???????, DE ?????????????????. ???, ?????
??????????????????????????, ????????????????
??????????????????? [267]. ???, ??????????, ?????
????????????????????????.
??????? ??? ???????
DERSF, DETVSF [41] F
SaDE [189] F
SaNSDE [259] F
?????????? Randomized scale factor [133] F
CoDE [247] F ? C
BiDE [249] F ? C
FiADE[75] F ? C
IDP [232] F ? C
jDE [27] F ? C
jDE2 [26] F ? C
aDE [169] F ? C
SaDE [189] C
SaNSDE [257] F ?????? C
CDE [244] F ? C
?????????? EPSDE [157] F , C, ????????
JADE [267] F ? C
MDE [110] F ? C
ZEPDE [60] F ? C
DADE [144] F ? C
GaDE [258] F ? C
JADE [33] F ? C
SDE [173] F
???????????? DESAP [233] F , C, ???
DEGL [40] ??????????
52 ? 4 ? EA, ?? DE?????????????????????
???????????? f ?????????????????????????? [112],
????????????? DE???????????????. ??, ????????
???????????, DE????????????. ????, ???????????
?????, DE??????????????????????????????????
??. ????????????, DE????????????????.
???????, ????????????????????, ???????????
?????????? DE??????????, 2005???????????????. ?
??????????, ?? GA ? PSO ??????????????????????
??????????? [41, 143, 233]. ???, ????????, ??????????
???????????, Das? [41] ? 2005?????? DE with Random Scale Factor
(DERSF) ? DE with Time Varying Scale Factor (DETVSF)??????. DERSF??
??????? F ? (0:5; 1)????????????????. DETVSF???????
F ? 1.2????, ?????? F = 0:4?????????????????? F ???
?????. ?????? DERSF? DETVSF?, ???? PSO???????????
?????????? [211, 52] ? DE ??????????. ???, [143] ?? GA ??
????????????????????????????????????? [131] ??
?, Fuzzy Adaptive DE (FADE) ???????. ??, Teo ????????? GA ??
???????, F ? C ??????? N ??????????? DE with Self-Adapting
Populations (DESAP) ??????? [233].
???, 2006??????? jDE [27] (??? 4.5.1???) ?????????, DE??
??????????? DE????????????. ????, DE?????????
????, 1. ?????????? (4.4.1?), 2. ?????????? (4.4.2?), 3. ??
?????????? (4.4.3?) ?????????????. ??, ? 4.1????, ? 4.2
????????? DE ???????????????????. ??, 4.4.2 ?????
?, ????????? DE??? jDE [27], EPSDE [157], JADE [267] ?????, 4.5?
?????????.
4.4.1 ??????????
?????????????, ???????????????????????????
??????????????????, ?????? Das ???? [41] ????, ???
???????????????. Self-adaptive DE (SaDE) [189] ??, ??? t, ????
xi;t ????? 0.5, ???? 0.3????????????? Fi;t ???????. ????
????? Yang????????????? [259]. Composite DE (CoDE) [247] ??, ?
????????? xi;t ? rand/1/bin, rand/2/bin, current-to-rand/1? 3???????
??, ?????? F ? C ? 3????*4 ???????????, 3?????????
*4 fF;Cg????, f1:0; 0:1g, f1:0; 0:9g, f0:8; 0:2g???.
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?. ???, ?????????????? F ? C ?????????. Wang??????
???????????? xi;t ? Fi;t ? Ci;t ????? BiDE??????? [249]:
Fi;t =
(
randc(0:65; 0:1) if rand(0; 1) < 0:5
randc(1:0; 0:1) otherwise
(4.2)
Ci;t =
(
randc(0:1; 0:1) if rand(0; 1) < 0:5
randc(0:95; 0:1) otherwise
(4.3)
???, randc(; )???????? ????????  ??????????????
?. [249] ???????, [133] ????????????.
Ghosh ????? t???????, ???????????? xbest;t ????????
? jxi;t  xbest;tj?????, ???? F ? C ?????? Fitness-Adaptive DE (FiADE)
??????? [75]*5. ??, ????????????????, ????????????
??? Fi;t ? Ci;t ????? Individual-Dependent Parameter (IDP) ? [232] ?????
????.
4.4.2 ??????????
?????????????????????????????????????????
???, DE?????????????????????, ??????????????.
????, ? (3.3)????????????, ??? xi;t ????????? ui;t ????
????, ??? f(ui;t)  f(xi;t)??????????????, ????????????
??????:
(i) ??? t????, ??????? xi;t ???????? Fi;t, Ci;t ?????, ???
?????????????, ???????????? ui;t ?????
(ii) ui;t ??????????? f(ui;t)???, Fi;t ? Ci;t ?????????????
(3.3)???????
(iii) ??? t?????, ???? Fi;t ? Ci;t ????, ????????? t + 1???
???????????
??? (i) ????? Fi;t, Ci;t ???, (ii) ?????????, (iii) ?????????
??????????????????????, ???????????????????
????.
???, DE????????????????, ?????, ?????????????
???????????????, ?????????????????????????,
*5 ??????????????, ??????????????, ???????????????????
???????????????????. ??, FiADE [75], ?? IDP [232] ??????, ??????
????????, ???????????????????, ?????????????????????
?. ???,????????????????????????????????, FiADE? IDP????
?????????????????.
54 ? 4 ? EA, ?? DE?????????????????????
???????????????????????????. ?????, 4.2.2??????
?? EA???????????????? [235, 49, 15] ???????????. ???,
CMA-ES (2.4.4???) ? [4] ????????????? GA????????????
????????, ?? DE?????????? *6.
Self-adaptive DE (jDE) [27] ?????????????? ui;t ? Fi;t, Ci;t ???? xi;t
????????. ???, ?????????????????????????????
???, ??????????????????????. ??, ????? jDE?????
???????? [26, 169].
SaDE [189] ???????? F ???????????, C ???????? H ???
??????? C ?????*7?????????????????, ??????????
Ci;t ?????. Self-adaptive Neighborhood Search DE (SaNSDE) [257] ??, F ???
??, ?????????????????????????????, ?? C ? SaDE??
?????????????.
Competitive DE [244] ??, ??? CoDE?????? K ?? F ? C ???????.
???, ?????? t ????????? nk;t, k 2 f1; :::;Kg ????, ?? t ????
k ????????????? pk;t ? pk;t = nk;t+Pk
j=1(nj;t+)
??????. ???,  > 0 ?
pk;t = 0??????????????????????.
EPSDE [157] ? F ? C ????, ???? [0:4; 0:9], [0:1; 0:9]????????? 0.1?
????????? F -pool, C-pool?????. F ? C ????, ???????????
???????????. ??????, ?????????????? xi;t ???????
?????. ???????, ?? xi;t ???????????? Fi;t; Ci;t ???????
???? ui;t ?????. ??????? Fi;t; Ci;t ??????????? xi;t+1 ????
????. ??, ??????????????????????????????????
??.
JADE [267] ? F ? C ????????, ??????????? F 2 (0; 1], C 2 [0; 1]
?????. ??? t????, ?? xi;t ??? Fi;t ? Ci;t ????? F ? C ?????
???, ???????????, ????????????????. ???, ?? t ??
??????? F ? C ????, F , C ?????. ????????????????
??????????????, F , C ?????, ?????????????????
????????????????. ??, ????? JADE ?????????????
[60, 144, 258, 33, 110].
*6 ??????? DE??, ?????????????????? jf(ui;t)  f(xi;t)j????, ?????
???????????????????????????????? [257, 179]. ???, ???????
?, DE? 3.3.1???????????????????????????????.
*7 ???????????????? [191].
4.5 ????????? DE ?????? 55
4.4.3 ????????????
???, ?? xi;t ?????????????????????????????????
???????????????, 4.2.2?????? GA? ES??? EA???, DE??
???????????????, ????????????? 3????????. ???
???, DE??????????????, ???????????????, ??????
?????????????????????????.
Omran??, ? (3.2)? rand/1????????????? xi;t ? Fi;t ????????
Self-adaptive DE??????? [173]. ???, [173] ?? C ??????????. ??,
????? Teo?????? DE [233] ? Omran???????? F ? C ?????. F
? C ??????????, [40] ??????????????????????? rand/1
?????????????????, ??????????????.
4.5 ????????? DE??????
???? 4.4.2?????????? jDE [27], EPSDE [157], JADE [267] ????, ??
???????. ??, ?? 3??????????????? DE?????, ?????
???????, ????????????????.
4.5.1 Self adaptive DE (jDE)
2006??????? jDE*8 [27] ? Algorithm 8??????? DE [221] ???????
?????DE???. ???, jDE?????????? rand/1, ?????? binomial?
??????. 4.4?????? FADE [143]?????, jDE??????????????
?????????????????????? [27]. jDE?????? DE???????
?????????, ???????????????????? [189, 157, 267, 247, 110].
jDE ??, ?? P t = (x1;t; :::;xN;t) ???? xi;t ????? Fi;t, ?? Ci;t ?????.
?????? t = 1?????, ??? xi;t ??????? Fi;t = 0:5, Ci;t = 0:9?????
???? (Algorithm 11, 2??). ???, ??? ui;t ? Fi;t, Ci;t ???????? xi;t ?
???????. ???, ????????????????? (4.4), (4.5)??????, ?
?????????????????????????? (Algorithm 11, 5  12??):
F 0i;t =

rand[0:1; 1] if rand[0; 1] < F
Fi;t otherwise
(4.4)
*8 ?jDE??????? [27] ????????????, ???Self-adaptive DE????????. ???,
???????? DE ????????, jDE ???????????. ???, jDE ??j??, ????
(Janez Brest) ? rst name????????????.
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Algorithm 11: jDE
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 ??? xi;t ????, Fi;t = 0:5, Ci;t = 0:9???;
3 while ?????????????? do
4 for i = 1 to N do
5 if rand[0; 1]  F then
6 F 0i;t = rand[0:1; 1];
7 else
8 F 0i;t = Fi;t;
9 if rand[0; 1]  C then
10 C0i;t = rand[0; 1];
11 else
12 C0i;t = Ci;t;
13 ? (3.2)? rand/1???? vi;t ???;
14 xi;t ? vi;t ? binomial?? (Algorithm 7) ????, ui;t ???;
15 for i = 1 to N do
16 if f(ui;t)  f(xi;t) then
17 xi;t+1 = ui;t, Fi;t+1 = F
0
i;t, Ci;t+1 = C
0
i;t;
18 else
19 xi;t+1 = xi;t, Fi;t+1 = Fi;t, Ci;t+1 = Ci;t;
20 t t+ 1;
C 0i;t =

rand[0; 1] if rand[0; 1] < C
Ci;t otherwise
(4.5)
??? (4.4), (4.5)????, F , C 2 (0; 1]????? F;C ??????????????
???????, ??????????????????????????????????
??.
? (4.4), (4.5) ??????? F 0i;t, ?? C 0i;t ??????????? rand/1, ??
binomial ??????????, ??? ui;t ????? (Algorithm 11, 13  14 ??).
???????????????, ????????, ???????????, ???
f(ui;t)  f(xi;t) ????????, ???? xi;t+1 ?? F 0i;t ? C 0i;t ???????
(Algorithm 11, 15  19??). ?????, ??????????????????????
???, ???????????????????????????.
4.5.2 Ensemble of Mutation and Crossover Strategies and Parameters in DE
(EPSDE)
Mallipeddi ??????? EPSDE [157] ?, F ? C ???????????????
?. EPSDE??, F ? C ????, ???? [0:4; 0:9], [0:1; 0:9]????????? 0.1?
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Algorithm 12: EPSDE
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 F -pool = f0:4; 0:5; 0:6; 0:7; 0:8; 0:9g;
3 C-pool = f0:1; 0:2; 0:3; 0:4; 0:5; 0:6; 0:7; 0:8; 0:9g;
4 S-pool = f rand/1, best/2, current-to-rand/1 g;
5 ??? xi;t ????, Si;t; Fi;t; Ci;t ?????????????????;
6 while ?????????????? do
7 for i = 1 to N do
8 Fi;t ?????????? Si;t ??? vi;t ???;
9 xi;t ? vi;t ???? Ci;t ? binomial?? (Algorithm 7) ????, ui;t ???;
10 for i = 1 to N do
11 if f(ui;t)  f(xi;t) then
12 xi;t+1 = ui;t, Si;t+1 = Si;t; Fi;t+1 = Fi;t; Ci;t+1 = Ci;t;
13 else
14 xi;t+1 = xi;t;
15 ??? xi;t+1 ????, Si;t+1; Fi;t+1; Ci;t+1 ?????????????????
?;
16 t t+ 1;
????????? F -pool, C-pool ?????. ???, ??????????? rand/1,
best/2, current-to-rand/1????? S-pool????. EPSDE????????????
??? SaDE [189] ???, ??????????????????, SaDE? jDE [27] ??
????? DE????????????????????????.
?????? t = 1?????, 3?????????????????? xi;t ?????
??????? (Algorithm 12, 5??). ???????, ??? xi;t ??????????
?? Si;t; Fi;t; Ci;t ??????????? ui ????? (Algorithm 12, 8  9??).
???????????????, ????????, ???????????, ???
f(ui;t)  f(xi;t) ???????, ???? xi;t+1 ????? Si;t; Fi;t; Ci;t ?????. ?
?, ??????? S-pool, F -pool, C-pool??????????????????????
??? (Algorithm 12, 15??). jDE?????????????????, ???????
?????????????, EPSDE????????????????????????
??????????.
4.5.3 Adaptive DE (JADE)
2009 ??????? JADE*9 [267] ?, ??????????????????? DE ?
??, ????? JADE????????????? [60, 144, 258, 33]. [267] ??, ???
*9 JADE??JA??, ?????? Jingqiao Zhang? Arthur C. Sanderson??????????????
???????????????.
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Algorithm 13: JADE
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 F  0:5, C  0:5;
3 while ?????????????? do
4 SF  ;, SC  ;;
5 for i = 1 to N do
6 Fi;t = randc(F ; 0:1);
7 Ci;t = randn(C ; 0:1);
8 current-to-pbest/1 (? 3.1) ???? vi;t ???;
9 xi;t ? vi;t ? binomial?? (Algorithm 7) ????, ui;t ???;
10 for i = 1 to N do
11 if f(ui;t)  f(xi;t) then
12 xi;t+1 = ui;t, Fi;t ! SF , Ci;t ! SC ;
13 else
14 xi;t+1 = xi;t;
15 if SF ;SC 6= ; then
16 F  (1  c)  F + c meanL(SF );
17 C  (1  c)  C + c meanA(SC);
18 t t+ 1;
????????????, ???????????? current-to-pbest/1 (? 3.1) ????
???.
JADE?? F ? C ????????, ???????????????????????
???????????????? F 2 (0; 1], C 2 [0; 1] ?????. ????? t = 1
?????, F ? C ????? 0:5 ????????? (Algorithm 13, 2 ??). ???
t ????, ??? xi;t ? Fi;t ? Ci;t ?, F ? C ?????????????????
(Algorithm 13, 6  7??):
Fi;t = randc(F ; 0:1) (4.6)
Ci;t = randn(C ; 0:1) (4.7)
???, randc(; ) ????????  ????????  ????????????,
randn(; )??? , ????  ?????????????. Fi;t ??? Fi;t > 1???
? Fi;t = 1??, Fi;t  0??????? (4.6)?????????. ????? Ci;t ???
[0; 1] ???????, ????????????????. ??????????????
????? F ??????????, ????????????? F ??? DE?????
???????.
Fi;t, ?? Ci;t ???? current-to-pbest/1??????, ?? binomial????????
????? ui;t ????? (Algorithm 13, 8  9 ??). ???????????????
?????????, ???????????, ??? f(ui;t)  f(xi;t) ????????,
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Fi;t ! SF , Ci;t ! SC ??? (Algorithm 13, 12??). ???, SF ;SC ??? t????
???? F ? C ??????.
????????, SF ;SC ????????? (4.8), (4.9) ???? F , C ?????
(Algorithm 13, 15  17??):
F  (1  c)  F + c meanL(SF ) (4.8)
C  (1  c)  C + c meanA(SC) (4.9)
??? (4.8), (4.9) ????, c 2 [0; 1] ???????, c ?????????????
SF ;SC ? F , C ???????????. ??, meanA()?????, meanL()??? 2
??????? (Lehmer mean)*10 ???. ?? F ??????????????????
???????????????, ??????????????????? F ?????
?????. ?????? (4.8), (4.9)???????????? (4.8), (4.9)???????
???????????, F , C ?????, ?????????????????????
?????????????????.
*10 ?? 2 ??????????????????: meanL(S) =
P
s2S s
2P
s2S s
. ???, S = (s1; :::; sjSj) ?
SF ;SC ????????.
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?? DE????????
4?????????, ??? EA???? DE???????????????????
?????????. ????, ??????????????????????????
????????????????????????????????????. 4.4???
DE?????????????, (1) ?????????? (4.4.1?), (2) ???????
??? (4.4.2?), (3) ???????????? (4.4.3?) ??????????????.
?????, ?????????????????????????????, (2) ?????
????????????????????, DE???????????????????
?? [43], ??????????????? DE????????. ???, ???????
? DE??????????, ????????????????.
?????? DE?????? (i) ?????????????????, (ii) ?????
??????????????????????. (i) ??????????????????
??????????????????, ???? DE??????????, ??????
??????????????????????????????. 16 ?????????
????? DE???????????, BBOB benchmarks [93] ??????. ?????
?, ???????????????????????????, ????????????
???????????????????????. ??, ????? DE????????
?????????????????????????????, ????????????
?????????????????.
(ii) ???????????????????????????????????, ???
?????????????????, ????????????????????????
????????????????. ?????????????????????????
???? (i) ???????????????????, ????????????????
??????????????????, ??????????????????. ????
???, ???????????????????? oracle ???????????????
???????????. ??????????????????????????????
??????, ???????????????????????????????????
??. ?????????????????? DE ??????????????????,
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??????????????????.
5.1 ????
4.1?????????, ???? EA???????????????????????
?? [146, 54]. ??, 4.3??????????, ??? EA???? DE????????
????????????????????????? [71, 196, 274, 27]. ???, ????
DE???????????? N , ?????? F , ??? C ???. DE????????
????????????????, ???????????? DE???????????
??????????????????.
??? DE??????????????????, ?????????????????
???????DE????????????????????????? (4.4???). EA
?????????????, (1) ?????????? (4.4.1?), (2) ?????????
? (4.4.2?), (3) ???????????? (4.4.3?) ???? 3?????????, DE
????? (2) ?????????????????????? [43]. ?????????
DE??, jDE [27], SaDE [189], EPSDE [157], JADE [267], MDE [110] ????????.
???, ???????? DE??????????, ????????????????.
???, ????????? [27, 189, 157, 267, 110] ??, ?? DE ??????????
????????????????????. ???, ?????? DE?????????
?????. ??, ???????? DE?????????????????, ?????
???????????????????????. ????, ?????????????
??????????????????, ???????????????????????
??????????????. ??, ????????????????????????
????????????, ??????????????????????.
??? 5.1.1?, ?? 5.1.2???, ?????????????, ???????????
???????????????, ?????????????. ??? 5.1.3???, ???
2????????????????????.
5.1.1 ?????????????
?? DE ?????????????, ??????? DE????????????
????????????. ???, 4.5.3 ????????JADE? ?, ???????
current-to-p-best/1, ????? binomial ??, ??? JADE?????????????
?????. ???, 4.5.1???????jDE? [27] ?, ??????? rand/1, ?????
binomial ??, ????? jDE???????????????????.
???????????? (???, jDE ? JADE ???) ?????????????,
????????? (???, jDE? JADE????????) ?????????????
?, ????????? [273, 51]. ????, ?????? DE???????????, ??
62 ? 5 ? ?? DE ????????
??? DE?????????????, ????????????????????????
???????????????.
Zielinski?? jDE [27] ? SaDE [189] ????? DE????????????????,
?????????????????????????????????? [273]. ?? 8?
????????????????????????????????, SaDE??????
????????????????. Drozdik?????????????????????
DE??????, ??? DE????????? Dierential Evolution for Multiobjective
Optimization (DEMO) [194] ????????, ???????????????????
[51]. ?????? DE ?????? F ? C ?????????????????, Segura
?? F ???????????????? [207]. 3???? DE (cDE [244], jDE, JADE)
? F ?????, ???????????????????? F ????????????.
????????????????????????????????????, Ant Colony
Optimization (ACO) [178] ? Adaptive Operator Selection (AOS) [63] ????????
???????.
???, ???? [273, 51] ??, ?????????????????????????
??, ??????????????????????????. ???, ????????
[273, 51, 207] ?????, ?????????????????????????????
????????. ????????, ?????? DE??????????, ???? DE
??????????, ???????????????????????????????
???????.
5.1.2 ???????????
?? DE ??????????????????, ??????????? [27, 30, 189,
267, 157, 36]. ???, ????????????????? (F;C ?????????, ?
??????????????????), ??????? F;C ?????????????
?? 5.6???????, ???????????????????. ??????????,
??????????????????????????????????????????
???????. ???, ???????, ??????????????????????
???????????, ?????????. ??, Karafotias????????????,
DE?????? EA???????, ????????????????????????
? [119].
????????????????????????, ????????????????
?????????????????????. ????????????????????
??????????? x?????? f(x)???????????????,??????
??????????????, ????????.
???, p = fp1; :::; png?????????????, EA? n????????????
???. DE???? n = 2??? p = fF;Cg???. EA????????? p????
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???????????, ???? x?????. DE??, ??????????????
?????????????. ??????????? x?, ????????? f ????
?????, ????? f(x)???. ???, ???????????????? p????
???????????, ? x?????, ????????? f(x)??????????.
??, ???????????????????????????????. ???, (1) ??
?????? Sp  Rn, (2) ??? Sx  RD, (3) ?????? Sf  R??? 3?????
???, ??????????????????????????.
????, ??? f(x)???? x???????????????????????? p
???????????, ???????????????. ??, ????????????
?????, ????????????? p??????????????????????
?, ??????? p?????????????????????????. ??????
?, ??????????????????????????????????????.
5.1.3 ????????
???? 5.1.1?, ?? 5.1.2??????? DE??????????, (i) ??????
???????????, (ii) ???????????????????????????.
??, ?????????????? DE??? jDE [27], EPSDE [157], JADE [267], MDE
[110] ?????????????.
(i) ????????????????????????????????????, ???
? DE??????????, ????????????????????????????
????????. 16 ?????????????? DE ???????????, BBOB
benchmarks [93] ??????. ?????, 5.1.1??????, ???? DE??????
??????, ?????????????????????????????, ?????
????????????????????????.
(i) ???????????????????????????????????????
???, (ii) ???????????????????????, ?????????????
???????, ??????????????????????????????????
????????????. ?????????????????????????????
(i) ?????????????, ???????????????????? 5.1.2????
???????????, ??????????????????. ????????, ??
???????????????????????, ??????????????????
?????????????????????????????????. ????????
??, ???????????????????? oracle ???????????????
???????????. ??????????????????????????????
??????, ???????????????????????????????????
??. ?????????????????? DE ??????????????????,
??????????????????.
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Algorithm 14: ????? jDE?????
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 ??? xi;t ????, Fi;t = 0:5, Ci;t = 0:9???;
3 while ?????????????? do
4 for i = 1 to N do
5 if rand[0; 1]  F then
6 F 0i;t = rand[0:1; 1];
7 else
8 F 0i;t = Fi;t;
9 if rand[0; 1]  C then
10 C0i;t = rand[0; 1];
11 else
12 C0i;t = Ci;t;
13 ? 3.1????????????????? vi;t ???;
14 xi;t ? vi;t ? binomial?? (Algorithm 7), ?? SEC (Algorithm 22) ???????
???????, ??? ui;t ???;
15 for i = 1 to N do
16 if f(ui;t)  f(xi;t) then
17 xi;t+1 = ui;t, Fi;t+1 = F
0
i;t, Ci;t+1 = C
0
i;t;
18 else
19 xi;t+1 = xi;t, Fi;t+1 = Fi;t, Ci;t+1 = Ci;t;
20 t t+ 1;
???????????????. ??? 5.2 ???, ?????????? 4 ????
DE (jDE, EPSDE, JADE, MDE) ??????????????????????. ???
???? (i) ????, 5.3 ?????????????????????????????
????, BBOB benchmarks??????. ??, ?? (ii) ????, 5.4????????
??????????????? oracle ???????????????????????.
???, 5.5????????????????????????????????????
???. ??? 5.6??????????.
5.2 ??????? DE?????
????, ??????????? jDE [27], EPSDE [157], JADE [267], MDE [110] ??
????????????????????. ?????, ?? 5.3?, 5.4?, 5.5?????
??.
8.1????????, ?????????? DE?????, ??? DE???? F , C ?
????????. ????, ??? MDE ?? current-to-pbest/1 ????? current-to-
gr best/1??????????, p-best ????????????????????, ? 3.1,
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Algorithm 15: ????? EPSDE?????
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 F -pool = f0:4; 0:5; 0:6; 0:7; 0:8; 0:9g;
3 C-pool = f0:1; 0:2; 0:3; 0:4; 0:5; 0:6; 0:7; 0:8; 0:9g;
4 ??? xi;t ????, Fi;t; Ci;t ?????????????????;
5 while ?????????????? do
6 for i = 1 to N do
7 ? 3.1????????????????? vi;t ???;
8 xi;t ? vi;t ? binomial?? (Algorithm 7), ?? SEC (Algorithm 22) ???????
???????, ??? ui;t ???;
9 for i = 1 to N do
10 if f(ui;t)  f(xi;t) then
11 xi;t+1 = ui;t, Fi;t+1 = Fi;t; Ci;t+1 = Ci;t;
12 else
13 xi;t+1 = xi;t;
14 ??? xi;t+1 ????, Fi;t+1; Ci;t+1 ??????????????????;
15 t t+ 1;
?? Algorithm 7, 22????????????, ??????????????, ????
????????????. ???, ?? DE?????????????????????
?????, ?????????????????????. ???????????, 5.1.1
?????????, ???? [273, 178, 51, 207] ????????. ???, jDE, EPSDE,
JADE, MDE??F , C ??????????, ?????????????????????
?????, 4.5????????.
Algorithm 14, 15, 16, 17 ?, jDE (Algorithm 11), EPSDE (Algorithm 12), JADE
(Algorithm 13), MDE*1????????????. ???, Algorithm 17 ????,
meanP (S) =
 
1
jSj
P
s2S s
1:5
 1
1:5 ???.
Algorithm 14, 15, 16, 17??????????, ???????????????, ???
?????????????. ??, ???? Algorithm 14, 15, 16, 17?????????
??? DE?????????????.
5.3 ?? 1: BBOB benchmarks??????????????
??
????, ?????????????????????????? DE????????
?, BBOB benchmarks [91, 93] ??????. ??????,??????????????
??????????????????, ?????????? (5.1.1???), ??? DE?
*1 ???MDE? JADE????????????????, 4.5?????????????????.
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Algorithm 16: ????? JADE?????
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 F  0:5, C  0:5;
3 while ?????????????? do
4 SF  ;, SC  ;;
5 for i = 1 to N do
6 Fi;t = randc(F ; 0:1);
7 Ci;t = randn(C ; 0:1);
8 ? 3.1????????????????? vi;t ???;
9 xi;t ? vi;t ? binomial?? (Algorithm 7), ?? SEC (Algorithm 22) ???????
???????, ??? ui;t ???;
10 for i = 1 to N do
11 if f(ui;t)  f(xi;t) then
12 xi;t+1 = ui;t, Fi;t ! SF , Ci;t ! SC ;
13 else
14 xi;t+1 = xi;t;
15 if SF ;SC 6= ; then
16 F  (1  c)  F + c meanL(SF );
17 C  (1  c)  C + c meanA(SC);
18 t t+ 1;
????????????????????????, ?????????????????
?????????????????.
5.3.1 ????
???????????, ????????? BBOB benchmarks [91, 93] ?????.
BBOB benchmarks?????, 2.5.3?, ???????? C????????.
??? D ? 2; 5; 10; 20 ???. ??????? 104 D ???, ????? 15 ????.
??????????????? BBOB benchmarks????????????. ??, ??
????????? COCO software*2 ???????????????? [91, 93] ????
? (?? C.3???).
???????????????, ?????????????. jDE?? F = 0:1; C =
0:1, EPSDE ?? F -pool= f0:4; :::; 0:9g, C-pool= f0:1; :::; 0:9g, JADE?? c = 0:1???.
Posk ? Klema ? BBOB benchmarks ???? JADE ????????????? [185]
????, ??? N ? 5D ???. ????????? 3.1??? 8?????????.
current-to-pbest/1? rand-to-pbest/1? 2?????????? p = 0:05, A = N ???
*2 http://coco.gforge.inria.fr/
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Algorithm 17: ?????MDE?????
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 F  0:5, C  0:5;
3 while ?????????????? do
4 SF  ;, SC  ;;
5 for i = 1 to N do
6 Fi;t = randc(F ; 0:1);
7 Ci;t = randn(C ; 0:1);
8 ? 3.1????????????????? vi;t ???;
9 xi;t ? vi;t ? binomial?? (Algorithm 7), ?? SEC (Algorithm 22) ???????
???????, ??? ui;t ???;
10 for i = 1 to N do
11 if f(ui;t)  f(xi;t) then
12 xi;t+1 = ui;t, Fi;t ! SF , Ci;t ! SC ;
13 else
14 xi;t+1 = xi;t;
15 if SF ;SC 6= ; then
16 cF  rand(0:0; 0:2], cC  rand(0:0; 0:1];
17 F  (1  cF )  F + cF meanP (SF );
18 C  (1  cC)  C + cC meanP (SC);
19 t t+ 1;
[267, 266]. ??, ?????? Algorithm 7, 22??? binomial ???, ?? 8?????
?? Shued Exponential Crossover (SEC) ?????. 3 ????????? DE ???
????????? exponential??????????, ?? 8?????????????
???, ????????.
?? DE?????????????, ??? DE (Algorithm 9) ????. ???, ??
? DE?????, F = 0:5, C = 0:9???. ?? F ? C ????, DE?????????
???????, ?????????? [27, 193, 267].
???????, ??? DE???????????????????. ???, ????
???? EA???????????????????????????, ????????
????? [70]. DE????????????????????????????????
? [179, 255, 134, 264], ??????? (1), (2)???, Zhabitsky? Zhabitskaya????
????????? [264] ??????????????. ??????? (3) ????*3.
*3 ??????? (1), (2) ?????, ??????????????, ?????????????????
??, ????????????????????????. ????, ????? (3) ???????. ??,
(3) ??? (1), (2), (3) ??????? DE??????????????, ??????????????
????????????????????????????????. ????, 3???????????
??????????.
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DE???????????????????? (1), (2), (3) ????????????, ?
?????????????????????????????????:
(1) ? x???????????
?? xj ????????, ??????? DE ????????????????
???????. ????? "x = 10 12 ???.
9j xj < "x max
i=1;:::;N
fxijg (5.1)
xj = max
i=1;:::;N
fxijg   min
i=1;:::;N
fxijg (5.2)
(2) ????? f ???????????
?? f ????????, ?????????? DE??????????????
??, ???????. ????? "f = 10 12 ???.
f < "f j max
i=1;:::;N
ffigj (5.3)
f = j max
i=1;:::;N
ffig   min
i=1;:::;N
ffigj (5.4)
(3) ???????????????????
?????????????????? nstop ??????????????????
???, ????????????????. nstop ????????????????
?????? nstop = 500D???.
5.3.2 ????
? 5.1  5.4 ?, ??????? rand/1, rand/2, best/1, best/2, current-to-rand/1,
current-to-best/1, current-to-pbest/1, ?? rand-to-pbest/1 (? 3.1??), ????? bino-
mial ?? (Algorithm 7) ? SEC (Algorithm 22) ??????????, 2, 5, 10, 20???
BBOB benchmarks? 24?????????? f1  f24 ???????????. ? 5.1 
5.4??, ??? DE (Algorithm 9), ?? 4????????? DE (jDE, EPSDE, JADE,
MDE) ???????. ??, 8?????????????????? 104 D ?????
??????, ???????? 5.5???.
????, ?????????????:
??? DE
? 5.1  5.2??, binomial????????? D = 2?????????????
????????????. ???, D = 5; 10; 20????????????????
?. ?????, ? 5.5????????.
??, SEC?????, ????????????????????????. ???
D = 20 ? rand/1, best/1, best/2, current-to-pbest/1, rand-to-pbest/1 ?????
??, ??????, ????????????????????, ?????????
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????. ? 5.5?????, D = 2?? 4?, D = 5??MDE???? 4????
?, D = 10?? 3?, D = 20?? 2?? D = 10; 20?????? DE??????
???????????.
jDE
? 5.1  5.4??, rand/1, rand/2???????, ???????? jDE?????
??????????. ???, jDE??? rand/1???????????????
????????????. ?????, ???? 5.4(b)? current-to-best/1/SEC?
?????????, ??????, ??????????????????????
?, ????????????.
??, ? 5.5??, ????????? DE???????????????????
??????, ???, ??????????????? jDE???????????
????. Binomial ??????? D = 2; 5 ?????, D = 10; 20 ?? JADE ?
?????. ??, exponential?????????, D = 5; 10?? EPSDE????
??, D = 2; 20?????????????.
EPSDE
? 5.1  5.2 ??, binomial ?????????, D = 5 ????? best/1, ??
current-to-rand/1??????????????????????????????
???????, ?????????????. ??, D = 2; 20?????, ? 5.5?
???? DE?????????????.
??, exponential??????? (? 5.3  5.4), D = 5; 10???????????
??, ? 5.5???????????????????.
JADE
Binomial ?????????, JADE ???????????????????. ?
5.1  5.2 ??, D = 10; 20 ????, rand/1, rand/2 ??????? D = 10 ??
current-to-pbest/1?????????, ???????????. ?????, ? 5.5
????????. ???, rand/1, ?? rand/2 ???? JADE ???????, ?
??? [267, 207] ???????????.
???, SEC ??????, ??????????????? JADE ???????
????????????????????. ??, D = 10; 20?????, ????
???, ???????????? JADE?????? (? 5.3  5.4).
MDE
????????????, ? 5.1  5.4, ??? 5.5??????MDE??????
???????????. ??, 4.4 ??????????, MDE ? JADE ????
??????????????, SEC??????? D = 10; 20?????????,
????????????? JADE????????.
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? 5.5: ?????? 104 D ?????, 8??????????????????????????
? (D = 2; 5; 10; 20). ?????????, ??????????????????????????
???.
5.3.3 ??
????, 5.3.2 ???????????????????. ????????? jDE,
EPSDE, JADE, MDE ?, ?? binomial ??????????????????????
?. ?????, JADE????????? SEC???????????????????
???????. ??????, 3.3.2??????????, ??????????????
????????? E(L)?, binomial??? SEC*4????????????????. ?
?, SEC????????????????????, ????????? E(L)? C ???
???, ????????????, JADE?????????????????????.
MDE [110] ???????, jDE, JADE?????MDE??????????????
?, ?????MDE??????????????? jDE, JADE??????. ????,
MDE?????????, current-to-gr best/1? p-best ???????????????
????????????. ??, jDE????????????????????????
??, ??????????????. ??, jDE, EPSDE, JADE, MDE???????, ?
?????????????????????????? DE (Algorithm 9) ???????
?? DE???????????????, ??????????????????????
???????????????. ?????, SEC???? D = 20??????????
????.
????, ????????????????????????????????????
*4 SEC? E(L)?, exponential???????? (8???).
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?????, ?????????????. ?????, ????????????????
????????????????????????, ????????. ???, ????
?????????????????????????????? [189, 157, 62, 79], ???
????, ?????????????????????????????. ???????,
????????????, ?????????????????????????????
???????.
??????? [189, 267, 157, 110] ??, ?????????????????????
????, ??????????????????????, ?????????????. ?
??, ? 5.1  5.4, ??? 5.5??????????????????????????. ?
?????, ??????????????????????????????, ?????
???????????????????????????????.
5.4 Oracle ??????????????????
5.3???, ?????????????????????????? DE???????
??, BBOB benchmarks [91, 93] ??????. ?????,??????????????
??????????????????, ???? DE??????????, ??????
?????????????????????????. ???, ???????? DE??
?????????????????????????. ???, 5.3?? binomial????
??????????????, ?JADE?????????????????????. ?
??, ??? JADE???????????????????????????????.
????????????????, ????????????????????????
??????????????, oracle ???????????????????????
???. oracle ??????????????????????????, ??? oracle ?
??????????. ??? oracle??????????, ?????, ????????
oracle ???????????????????????????. ?????, ?????
????????????????????????????????.
???, 5.4.1 ????????????????????????????????. ?
?, oracle ?????????????????????, 5.4.2 ????????????
??????????????????. ???, 5.4.3??? oracle ??????????
?????????????. ???, 5.4.4??????????????????????
????.
5.4.1 ?????????????????????
5.1.2 ?????????, ?? DE ????????????????????????
?????? [27, 30, 189, 267, 157, 36], ????????????????, ?? F;C ?
??????, ????????????????????. ??????????????
76 ? 5 ? ?? DE ????????
?????????, jDE, EPSDE, JADE, MDE? BBOB benchmarks? 10??? f3, f8
???????, ???????????????????????????? 5.6 ???.
??, ???????? current-to-pbest/1, ?????? binomial?????????. ?
???, f3 ?? JADE, MDE, jDE, EPSDE, f8 ?? JADE, MDE, EPSDE, jDE????
??????????????????????????.
???? [27, 30, 189, 267, 157, 36] ????????????????????????
?. ???, ? 5.6????????, ?????????????:
(i) ????? DE??????, ????????????.
(ii) ?????, ????????????????????.
(iii) ??????????, ???????????????????????????.
??? 3 ????????????????, ?????????? DE ????????
???????????????????. ???, 5.3?? binomial??????????
????????, ?JADE?????????????????????. ???, ???
JADE ???????????????????????????????, ? 5.6 ????
??????????????, ??????. ??????????, ??????????
???????????????????, ?????????? DE??????????
??????????????????????.
5.4.2 ????????????????????
5.4.1 ??????????, ???????????????????????????
???, DE????????????????????????????????????
?. ???, 5.1.2?????????, ???????? f(x)????? x???????
?, ????????? n???????????? p = fp1; :::; png??????????
?, ???????????????????????????????????????.
???, oracle ??????????????????????????????. oracle
??????????????????????????, ??? oracle?????????
??. ?????, 5.3?????????? x?????? f(x)??????? p???
????????????, p ??????????????????. ??, ??????
?????? p?????????????????, ?????????????????
???????????????????.
???? oracle ??????????????????, ???? (ideal) ????? 
???????. ??, ?????????????????????????:
??????????? ?????????, ???????, ????????????
???????????????????.
??????????????????????:
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? 5.6: current-to-pbest/1/bin??????? DE?????? 10??? f3, f8 ???????, ?
??????????????????????. 15 ????????????????????, ?
??????????????????? 1????????????. jDE???????????
????????? F , C ??????, EPSDE???????????????? F , C ?????
????????. ??, JADE, MDE????? F , C ????????.
?????????? ????????, ??????????????????????
?????.
DE??????????? F , C ??????????????????????, ???
?????????????????, ?????????? [71, 196, 274, 27, 267]. ??
??, ??????????? DE??????????, ???? DE?????????
????????????????. ??, ???????? DE?????, ?? EA??
??????????????. ??????????????????? DE??????
?, ???????????????????.
??, ?????????, ?????????????. ??? 5.3 ??? 8 ?????
???? 2?????????????? 16??????????? jDE, EPSDE, JADE,
MDE??????????. ??, ?????????????????????????
?????????????????????????. ??, ?????????????
????????????????:
????????????
????????????, ????? DE???????????????????
??????, ????????????.
78 ? 5 ? ?? DE ????????
???, DE???????????????, ??????????? [136], Expected Run
Time (ERT) [91, 93], anytime?? [275] ???????????.
???????????, ??????????  ?????????. ???, 5.3??
????? jDE, EPSDE, JADE, MDE?????????,  ????????????
??????????????, ?DE????????????????????, ????
?????????????????. ??, ?????????????????????
??????, ?????????????????????.
???, ????????????????  ??????, ????????????
??. ??, ????????????????????????, ??? F = 0:5, C = 0:9
?????????????????. ????, ???????, ??????????
1; 2; 3; :::???, 1 ; 2 ; 3 ; :::??????????????????????. ???, ??
??????????????????????????????????????????
??, ???? t???? t ???????????????. ????, ????????
??  = (1 ; 2 ; 3 ; :::)????????????.
5.4.3 Oracle??????????????????
5.4.2 ?????????, ?? DE ???????????????????????
 = (1 ; 

2 ; 

3 ; :::)???????, ???  ??????????????. ???, ??
???  ????????,  ???????????, ???????????????
?????????????????????. ???, ??? oracle ??????????
?????????  ?, oracle????? o = (o1; o2; o3; :::)???.
?????????  ???????????????????????????, ??
 ??????, ???, ??????????????????????????????
??????, ??????????????????????????. ?????, ???
?????, ????????, ??????????????????????????, ?
????????????????.
4.4.2?????????, ????? DE????? t???? P t = fx1;t; :::;xN;tg?
??? xi;t, i 2 f1; :::; Ng???????? Fi;t, Ci;t ?????, ???????????
???? ui;t ?????. ???, ?????????, ???? (3.3)??? DE????
???????? xi;t ????????? ui;t ?????? Fi;t, Ci;t ??????????
? t+ 1??????????????. ????? (1) ????? Fi;t, Ci;t ???, (2) ?
??? (?????????), (3) ??????????????????????????
?????, ??????????????????????. ????, (2) ???????
???????????????????? oracle???????????*5.
*5 DE ??????, ? (3.3) ????????? xi;t ????????? ui;t ????????, ???
f(ui;t)  f(xi;t) ??????, ?? xi;t+1 ? ui;t ???. ????????????? DE ?????
????????????, ???????????. ??, 2.4????????????????? GA?
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Algorithm 18: Oracle ?????????????????????
1 t 1;
2 while ????????????????? do
3 ot ?????? oracle????????;
4 for i = 1 to N do
5 JADE????? (4.6), (4.7)????, ??? DE????????????????,
????? i;t ???;
6 for i = 1 to N do
7 if rand[0; 1]  pa(i;t) then
8 i;t ??????;
9 else
10 i;t ??????;
11 JADE? F ? C ???????? (4.8), (4.9)????, ??? DE????????, 
????????????????;
12 t t+ 1;
Oracle ?????????????????????? Algorithm 18???. ???, ?
???? i;t ?, ??? xi;t ? (i) Fi;t, (ii) Ci;t, (iii) Fi;t ? Ci;t ????????????.
??? t????, oracle ???????? ot ?????? oracle????????*6. ?
??, ???????? oracle ???????, ??? 5.5.1 ????????. Algorithm
18? line 4{5??, ??? jDE???? (4.4), (4.5), JADE???? (4.6), (4.7)????
???, ??????????????? i;t ?????. ??, line 6{10????????
??? i;t ?????????????. ??????????????? pa(i;t) 2 [0; ]
???? i;t ??????:
pa(i;t) = max( di;t + ; 0) (5.5)
???, di;t, i 2 f1; :::; Ng ? i;t ??? t ???? oracle ????? ot ??? di;t =
ji;t   ot j???. ??, ?  ????????????????, ????,  ? pa(i;t)
?????????. ?? di;t ????????, ??? i;t ? oracle????? ot ???
??, ??????? pa(i;t)?????. ??, di;t = 0, ??? i;t = ot ?? pa(i;t)??
????  ???. ??? di;t ????????, ??? i;t ? ot ???????????,
??????? pa(i;t)?????.
??? t ?????, Algorithm 18 ? line 6{10 ??????, ??? JADE ????
(4.8), (4.9)????, ???????? i;t ??????????????????.
???, ????????????????????????????, ????????
??????? EA???, ??????????????????????????.
*6 Oracle?????????????????????????????, ?????????? t?????
??????.
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? 5.7: 10??? f3; f8 ? current-to-pbest/1/bin???? JADE???????????, ??, ?
???????????????. ?? F , ?? C ????????, ??????????, ???
F;C ?????. ??, ???????????????????????????????. 15??
??????????????????, ???????????????????? 1???????
?????.
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(a) f3 (Rastrigin??)
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(b) f8 (Rosenbrock??)
? 5.8: 10 ??? f3; f8 ? current-to-pbest/1/bin ???? JADE ???????????, ???
?????????????????????????????????. ?? F , ?? C ?????
???. 15?????????????????????.
????????????? rs 2 [0; 1]???:
rs =
???????????
??????????? (5.6)
rs ????????, ???????????????????? oracle?????? o ?
???????????????, ??? 5.4.2????????????????????
?????. ????????????????????? rs ????????????, ?
???????????????????????????????.
5.4.4 Oracle??????????????????????
????, 5.4.3??????? oracle???????????????????????
???????.
???????????, 5.4.2 ??????????????????????????
?. ???????????????  ?????????????, 5.4.2???????
?  ??????????????. ????, ????????????, ??????,
????????????????????, ?????????????????????
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??????, ??? oracle ????????????????????????????
?. ??? 5.5???, ????, sin??, ????????? 3??????? oracle??
??????????, ??????, ???????????????????? oracle?
?????, ?????????????.
? (5.5)?? oracle????????????????, ?????????  ?????
??? pa()?????. ????????????  ????????????????
???????????????, ????????? (3.3)??????????????
??????????????????????. ????????, ??????????
?????.
? 5.7 ? 10 ??? f3; f8 ? current-to-pbest/1/bin ???? JADE ?????????
??, ??, ???????????????????. ???, ????????? 4 ??
?? DE (jDE, EPSDE, JADE, MDE) ???????, 5.3?????? JADE?????
????????????, JADE??????????????. ??, ????????
???????????????????????. ??????? oracle ???????
??????????????. JADE??? (4.6), ?? (4.7)??????, ??????,
???????????????? F , ?? C ???????????. ????, ????
????????????????, ?????????????????????????
????????????.
???????????????, ? 5.8? 10??? f3; f8 ? current-to-pbest/1/bin?
??? JADE???????????, ????????????????????????
????????????????????. ? 5.8??, F , C ????????????,
??????????????, ???????????????????????????
??????, ???????????????.
????, ???? oracle????????????, ??????????????, ?
???????????  ??????????????????, ???????????
???????. ????, ? (5.5)?????????????????.
5.5 ?? 2: oracle????????????????????
?????????????
Oracle ??????????????????? 5.4 ???????. ????, ???
????????????? DE ?????????????????????????
??.
5.3????????????????????????????????, ??????
?????????????????????????? BBOB benchmarks??????.
??, ???????????????????????????????????, ????
????????????????, ?????????????????????????
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????????????????????????.
??? 5.5.1 ???, oracle ??????????????????????. ??, 5.5.2
??? 3??? oracle??????????????????. ??? 5.5.3???, ???
???????? 5.3??? BBOB benchmarks????????????????.
5.5.1 ????
5.3?????????, jDE, EPSDE, JADE, MDE? 4???? DE????????
?????. ? (5.6)?????????????????? rs ?, ???????????
?????. ??????? 5  104 ???, ????? 101 ????. ??? N ? 50 ?
??.
EPSDE ? jDE ???, ??????????????, 5.3.1 ??????????
???????. EPSDE ? F ? C ????, ???? [0:4; 0:9], [0:1; 0:9] ?????
???? 0.1 ?????????? F -pool, C-pool ?????. ????, EPSDE ?
?????????????????????????. ????????, ????
?????????????, F , C ??????? [0:0; 1:0] ????????? 0.1
?????, ???? F -pool = f0:0; 0:1; 0:2; 0:3; 0:4; 0:5; 0:6; 0:7; 0:8; 0:9; 1:0g, C-pool =
f0:0; 0:1; 0:2; 0:3; 0:4; 0:5; 0:6; 0:7; 0:8; 0:9; 1:0g???. ??, jDE? Fi;t ?? (4.4)????
[0:1; 1:0]??????????, EPSDE??????? [0:0; 1:0]????????. JADE,
MDE??????????????????, oracle????????? o1 ? 0.5???.
?????, jDE? Ci;t ????? 0.5, EPSDE ???????????????????
??? 0.5 ???. JADE ???? c????????????????????????,
?? 6.5.2????????.
? (5.5)????, ?  ????????????????????????. ???
0:5; 1; 3??????????????,  ??????????????????????
??, ?????????????????. ???, ??????????????????
???,  = 1???????????. ??,  ????? [0:1; 1:0]????? 0.1???
?????.
Oracle?????
??????????? oracle?????????. ?? t???? oracle????? ot
?, ??????? oracle?? o(nt)?????????????. nt ??? t??????
????????????????????, nt 2 (0; 1]???. ???, oracle??????
?????????????????, ?? t?????????????????????
???????.
Oracle?? o(nt)????? (1) ????*7, (2) sin??, (3) ????????? 3??
*7 ????? oracle ?? o(nt) ????????????, ??????????????????????
???.
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???????????. F , C ????, ?????  ???? [0:0; 1:0]??, oracle??
??? o ???????? [0:1; 0:9]???.
???, (1) ???????? 2??? oracle???????:
oinc(nt) = 0:4nt + 0:5 (5.7)
odec(nt) =  0:4nt + 0:5 (5.8)
???, ? (5.7), (5.8)?, 0.5?????? 0.9, ?? 0.1???????, ????????
???. ? (5.7), (5.8) ??????? 0.4?????, ??? oracle????? o ????
??? [0:1; 0:9]??, oinc(nt); odec(nt)????????????????. ?????, ?
????? 2??? oracle?? oinc(nt), odec(nt)????????, ??????????
???????????????.
??, (2) sin?????? oracle????????:
osin(nt) = 0:4  sin(!nt) + 0:5 (5.9)
? (5.9) ????, ??? 0.4, ????? 0.5 ???. ???, ???? ! ??? 10, 20,
30, 40 ????????, oracle ??????????????????. sin ??????
oracle ?? osin(nt) ???, ???????? oracle ?????????????????
????????????.
???, (3) ???????????? oracle????????:
orw(nt) = orw(nt 1) + s  rand[ 1; 1] (5.10)
???, orw(n1) = 0:5???. s???????????????????????, ???
???????????????????. ?????, s? 0.01?? 0.1??, 0.01???
?????. ???, orw(nt)?????? [0:1; 0:9]????????????, ?????
?????????????????:
orw(nt) =

2 0:9  orw(nt) if orw(nt) > 0:9
2 0:1  orw(nt) if orw(nt) < 0:1 (5.11)
??, 101 ??????????????????????, ??????????????
??. ? (5.9)? sin?????? oracle?? osin(nt)??????, orw(nt)??????
????, ??????? oracle???????????????????????????
??????.
5.5.2 ? oracle??????????
????, ? (5.7), (5.8), (5.9), (5.10) ?? oracle ??????????????. ??,
Algorithm 18??????  ?, (i) C, (ii) F , (iii) F ? C ???? 3?????????
??????, ??????????????????????????????. ????,
???? (i) C ??????????.
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? 5.9: ? (5.7), ?? (5.8)??? oracle?? oinc(nt), ?? odec(nt)??????????????
???. ???? (5.5)????  ??, ???? (5.6)? rs ? 101?????????. rs ????
????????????????????. ??, ????????????????.
???????? oracle?? oinc(nt), odec(nt)????????
? 5.9?, ? (5.7), (5.8)???????? oracle????????????????. ??
?, oracle?? oinc(nt)? odec(nt)????, oracle??????????????????
?????. jDE, EPSDE, JADE???????????? rs ??????. ??, MDE
?, oinc(nt)???????, odec(nt)??   0:3?? rs ????????????.
???????,  ??? 1.0 ???????????????? rs ???????.
 = 0:1 ?????????????????????. ??,  ?????????,
oinc(nt)? odec(nt)?????? jDE????, ??????????. ???, EPSDE?
rs ????????, ????????????????????.
sin?????? oracle?? osin(nt)????????
? 5.10?, ? (5.9)??? sin?????? oracle?? osin(nt)?? ! = 10; 20; 30; 40?
????????????. ???, ! ???????????, ???? 5.10(a), (b), (c),
(d)???, oracle?????????????????????????.
??? ! ??????,  ??? 1??? EPSDE????? rs ??????. ???, 
?????????, ?????? EPSDE????????. ??, JADE?  ?????
???????, ????? rs ???. ???, JADE?????????????  ???
?, ! ?????????????????????????.
???????????? oracle?? orw(nt)????????
? 5.11?, ? (5.10)??????????????? oracle?? orw(nt)???????
????. ???, 1 ??????????????????????????????? s
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(c) ! = 30
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(d) ! = 40
? 5.10: ? (5.9)??? oracle?? osin(nt)?????????????????. ???? (5.5)?
???  ??, ???? (5.6)? rs ? 101?????????. rs ????????????????
????????. (a), (b), (c), (d)?, ? (5.9)????? ! ??? 10, 20, 30, 40????????
?????. ??, ????????????????.
???????????, oracle?????????????????????????.
? 5.11(d)??,  = 1????? 5.9?? 5.10???????, EPSDE???????
??. ???, ? 5.11(a), (b), (c) ??????  = 0:1; 0:2; 0:3 ????????????
EPSDE??????. ??, s???????? rs ?????????????, JADE?
???  ? s?????, ?????????????. ??, MDE? JADE?????, 
? s??????, MDE??????.
5.5.3 ??
???? 5.5.2 ???????? oracle ??????????, ?? BBOB benchmarks
?????????????????? 5.3????????????.
5.3 ??????, 8 ?????????? 2 ????????????????????
??????????, binomial ???? JADE, SEC?? EPSDE? jDE???????
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 = 0:3
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(d)  = 1:0
? 5.11: ? (5.10)??????????????? oracle?? orw(nt)?????????????
????. ??????????????????????????????????? s ??, ??
?? (5.6) ? rs ? 101 ?????????. rs ????????????????????????.
(a), (b), (c), (d)?, ? (5.5)????  ??? 0.1, 0.2, 0.3, 1.0?????????????. ??,
????????????????.
??. ?JADE? [267] ???????? current-to-pbest/1, ????? binomial??, ?
?????JADE?????????????????. JADE????? [267] ?????
??????JADE?????????????????????, ?????JADE???
???? binomial???????????????,?JADE??????????????
???. ???, JADE???????????????????????????. ???
?????? 5.6?????????????????, ????????????????
???. ???, 5.4.1??????????, ?????????????????????
?????????????????????????????.
???, 5.4 ??????????????????????? oracle ????????
??????????????????. 5.5 ?????????????, jDE, EPSDE,
MDE????????????????????????, JADE???????????
?, 5.4.2????????????????????????????????????. ?
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(d) orw(nt) (s = 0:04)
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(e) orw(nt) (s = 0:1)
? 5.12: ? oracle ????????????????????, JADE ?MDE ?????????
? ( = 0:1). JADE?MDE????????????? ????????. ???????, ??
???????????. 101 ??????, ? (5.6) ? rs ??????? 1 ???????????
?. ??, oracle?? orw(nt)?? 1?? 101???????????? oracle??????????
???????????, ??? oracle?????? JADE?MDE?????. ?????????
?????????? 5.13???????.
????, 5.3 ???????????????????????, JADE ????????
??????????. ??????, 5.3?????????????????? JADE?
????????????????, ?????????????????????????
?????????????????. ???, ???? 5.1?????????? rand/1?
???????, JADE??????????????????????????, ????
????????. ????, oracle?????????????????????????
?????????????????????????????????, ????????
????????????.
5.5.2???????????, oracle ????????????????  = 1:0???
?????????, EPSDE??????. ???,  = 1:0??????????????
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(a) orw(nt) (s = 0:04)
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(b) orw(nt) (s = 0:04)
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(c) orw(nt) (s = 0:1)
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(d) orw(nt) (s = 0:1)
? 5.13: ???????????? oracle ????????????????????, JADE ?
MDE?????????? ( = 0:1). ???????, ?????????????, ??????
?????. (a), (c) ?????, JADE????, 101??????? (5.6)? rs ??????? 1?
????????????????????????. ??, (b), (d) ?????, MDE????, 101
??????? (5.6)? rs ??????? 1?????????????????????????.
????, ??????????????????????? EPSDE??????????
?????????. ???,  = 0:1?????????????????, JADE????
?????. ???, ????????????????????????????????
???? JADE?,  ?????????? oracle??????????????????
?????????????????. ???, binomial??????????? vi;t ???
?? ui;t ?????????????????? E(L) ?, ? 3.3 ???????????,
C ?????, ????????? E(L)???, ????. ??, SEC???? E(L)?, ?
??????????????, ????????? E(L)? C ?????? , ??????
???. ??????, binomial?????? JADE????????, C ??? E(L)??
??????, ???????????????????????????????????
? JADE???????????????. ???, SEC???? EPSDE???????
?, E(L)? C ??????????????????, ????????????????
???????, ??????????????????????? EPSDE???????
???????????.
MDE? JADE??????????????????, ????? JADE??????
??. ??????????????????, ? 5.12?  = 0:1????? oracle???
??? JADE?MDE??????????. ??, oracle?? orw(nt)?????????
??????????, ? 5.13??????. ? 5.12(a), (b)??, ??????? oracle?
5.6 ???? 89
?????????????????, JADE? ??? oracle????????????
??????. ??, ? 5.12(d)??, ?? t??????? oracle???????????
??, ????????????????.
??, MDE ?????????????? oracle ??????????????? 5.12
(b), (d) ?????, ?????????  ? oracle ??????????????. ??
oracle?????????????????????, JADE?MDE??????????
?????????????????. ??, 5.3??????? BBOB benchmarks???
?????, ?????MDE? JADE???????, ????????????????
????????????.
???, ? 5.12 (c), (e)???? oracle???????? t??????????????
????, JADE?MDE???????????????????????. ??????,
????? DE???????????????????????. ?????? 6???,
??????????????????, DE ?????????????? Success-History
based Adaptive DE (SHADE) ?????.
5.6 ????
??, ??????????????????????????????????????
??????, DE???????????????????????? [43]. ??, 4.5??
??????, ??????????????? DE????????. ???, ?????
??? DE??????????, ????????????????. ???, ?????
???????? DE??? jDE [27], EPSDE [157], JADE [267], MDE [110] ?????
???????.
???, 5.3??? 8?????????? 2??????????????? 16????
?????????????????, BBOB benchmarks [91, 93] ????????. ??
????, ?????????????????????????????????????
????????????????????, ?????????????????????
?????. ???, JADE???? binomial ????????????????????
??????, ????? SEC ???????????????????. ??, jDE ???
???????????????????????, ??????????????. ???,
?????? DE???? DE (Algorithm 9) ????????????????????,
????????, ?????????????????????????????? DE?
??????????.
???, 5.5??????????????????????? oracle ?????????
????????????????????????. ????????????????
?????????????, ?????????????????????? oracle ??
????????????????????????. ?????????????????
???????????????, ??????????????????????????
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?. ???, ?????????????, ????????, ????????, ?????
?????????????????????, ???????????????????.
??????, ????????????????? oracle ??????????????
?????? DE??????????. ??, ???????, 5.3??????? BBOB
benchmarks????????????????????????????.
?????????????  ? oracle????? o ????????????????
??????????, ? (5.5)????????????????. ??????????
?????????????????, ????????????????????????
??????????, ???????????????????????????????
?, ????????????????????????.
Algorithm 18 ??????  ????, F;C ???????????????, ????
?? oracle?????????. ???, ???? F ? C ???????????????
????????. ???, F ? C ???????????? oracle????????, ??
????????????????????????????????????.
??? DE???? F ? C ???????????? B???????????????
???. ??, ??????????????????????????, ????????
???????????????. ??? 5.1.2?????????, ??????????
????????????????????????. ???, ?????????????
??????????????, ???????????????????????????
???????. ?????????? oracle????? (???, ???????????
? oracle?? orw(nt)??, ???????????????) ??????????, ??
??????????.
????? DE ????????????????????, ????????? oracle
?????????????????????????????????????????
????. ???? F;C ?????????????????, ???????????
[189, 157, 79, 62], ?????????????????? [40, 261] ??????????
????????. ???, EA???????????????????????????
????????????? [119], ?????????????????????????
EA???????????????????. ACO [178] ? AOS [63] ?????????
? EA?????, ?????????????.
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Dierential Evolution
5???, ????????????????????????????????????
????????? DE???????. ????, ????? DE???????????
???????, ???????????????????.
???, ????????????????????, DE ??????????????
Success-History based Adaptive DE (SHADE) ?????. SHADE??????????
???????????????????????, ??????????????????
???????????, ???????????????. 5???????????? DE
????????, SHADE ???????. ??, DE??? black-box optimization??
??????????????? state-of-the-art????????.
??, ????????????????? [227, 229] ???????.
6.1 ????
EA?????????????, (1) ?????????? (4.4.1?), (2) ???????
??? (4.4.2?), (3) ???????????? (4.4.3?) ?????? [54] (4???). ?
????, DE ????? (2) ?????????????????????????, ??
??????????????? [43]. ??, 4.5????????, ???????????
???? DE????????. ???, ???????? DE??????????, ??
????????????????. ??????, 5????? DE???????. ???
?, ????? DE??????????????????, ??????????????
?????.
???, ?????????????????? DE??????, ?????????, ?
?????????????????????????????. ????, ???????
?????????????, ???????????????????. ???, JADE?
??? binomial ??????????????????????????, ????? SEC
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(??? 8???) ???????????????????. ??, ?????? DE???
? DE (Algorithm 9) ???????????????????? [27, 157, 267, 110], ??
??????, ?????????????????????????????? DE???
???????.
???, ???????????????????? oracle ??????????????
????????, ????????????????? oracle?????????????
??????? DE????????????. ???, ? 5.12(b)??????, MDE??
????????????????????? oracle???????????, ??????
???????. ??, ? 5.12 (c), (e)???? oracle???????? t????????
??????????, 5.3?????? binomial???????????????????
???????? JADE?????, ?????????????????.
???????, ????? DE??????????????????????. ???,
????????????????????, DE ?????????????? Success-
History based Adaptive DE (SHADE) ?????. SHADE ?????????????
????????????????????, ?????????????????????
????????, ???????????????. 5???????????? DE??
??????, SHADE???????. ??, DE ??? black-box optimization????
????????????? state-of-the-art????????.
?????????????. ??? 6.2 ?????????? SHADE ???????
?. ??, 6.3??? oracle?????????????????????? SHADE???
???????. ???, 6.4??? BBOB benchmarks??????? DE???????.
6.5????????? H ??????? SHADE????????????????. ?
?, 6.6 ??? SHADE ???? N ?????????????????????????
?????, L-SHADE?????. Black-box optimization??????????????
state-of-the-art?????????? 6.7?????, ??? 6.8??????????.
6.2 Success-History based Adaptive DE (SHADE)
????, ?????????? SHADE???????????. ??? 6.2.1????
???????? DE??? JADE?MDE???????????? F , C ?????
???????????????. ??, 6.2.2??? SHADE?????. ???, 6.2.3?
??????????????, ?? SHADE??????????.
6.2.1 JADE, MDE???????????? F , C ??????????
???
5.3??????, ?????????????????? BBOB benchmarks?????
???????, binomial ????????, JADE ?????????????????.
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??, 5.5?????? oracle ????????????????????????, JADE
??????????????????????. ???, ????? JADE ??????
????, 6.1?????????, ?????????????????. ???? JADE,
??MDE???????????? F , C ????????????????????.
JADE, ??MDE?? F ? C ????????, ????????????? F , C ?
???? (4.4.2???). ??? t????, ?? xi;t ??? Fi;t ? Ci;t ????? F ??
???????????????, C ??????????????????????. ??
?, ?? t???????????????? SF ;SC ????, F , C ?????.
???, DE?????????, ??????????????????? F;C ????
?????????????? SF ;SC ????????????????????????
?. ????????? (4.6), (4.7)??? F , C ???????, ???? F , C ???
??, ???????????????????????????????????????
??. ???????????, JADE???? c 2 [0; 1]??????????????, ?
???????. ???, c????????????, ????? SF ;SC ????????
??????????, F , C ???????????????, ????????????
??????????????. JADE, ??MDE?, ??? c?????????????
???????.
6.2.2 SHADE
6.2.1????????????, ?????????? SHADE???????????
????. ??, 4.4?????????, ?? DE????????????????? DE
???????, ??????????????????????????????????
????. ???????????? SHADE?, ???????????????????
???????, ???????????????.
SHADE?, F ? C ??????????? H ????MF ;MC ??????????
????. ???, MF = (MF1 ; :::;MFH ), MC = (MC1 ; :::;MCH )???, ?????? 0.5?
???, ??? j 2 f1; :::; Hg????MFj  0:5;MCj  0:5??? (Algorithm 19, 2?).
??, MFj 2 (0; 1], ??MCj 2 [0; 1]???.
??? t????, ?? P t = fx1;t; :::;xN;tg??? xi;t ???, ?? f1; :::; Hg????
????????????? ri ????? (Algorithm 19, 7?). ???, ri ???????
??MFri ;MCri ????, ??? xi;t ? Fi;t ? Ci;t ????? (Algorithm 19, 8, 9?):
Fi;t = randc(M
F
ri ; 0:1) (6.1)
Ci;t = randn(M
C
ri ; 0:1) (6.2)
???, randc(; ) ????????  ????????  ????????????,
randn(; )??? , ????  ?????????????. Fi;t ??? Fi;t > 1???
? Fi;t = 1 ??, Fi;t  0 ??????? (4.6) ?????????. Ci;t ??? [0; 1] ??
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?????, ????????????????. F , C ??????????, ??????
?????, ?????? Fi;t; Ci;t ????????, 4.5.3??????? JADE????
??.
???, ??? xi;t ???????? Fi;t ? Ci;t ????, ? 3.1, ?? Algorithm 7, 22?
???????????, ???????????? ui;t ????? (Algorithm 19, 10, 11
?). ????????????????????????????, ??????????
?, ??? f(ui;t)  f(xi;t) ????????, Fi;t ! SF , Ci;t ! SC ??? (Algorithm
19, 14??).
????? DE??, ??????????? xi;t ????????? ui;t ???????
?????????. ???, ?????????? Fi;t ? Ci;t ?????????, ???
?, ???????????????????, ????????????????????
?????. SHADE?????, ??? t????????? Fi;t, Ci;t ??? SF ;SC ??
? 2??????? meanL(SF ), meanL(SC)????, ???MF ;MC ? k 2 f1; :::; Hg
?????MFk ;MCk ????? (Algorithm 19, 18, 19?)*1:
MFk  meanL(SF ) (6.3)
MCk  meanL(SC) (6.4)
???, k ????????????????????????. ????? t = 1 ??
k = 1????, ????????? 1?????, k > H ????????? k = 1???
(Algorithm 19, 20?).
??? (1) ???MF ;MC ???? Fi;t, Ci;t ???, (2) ?? xi;t ?????????
? Fi;t, Ci;t ???????? ui;t ???, (3) ??????????? SF ;SC ??????
MF ;MC ??????????????, ??????????????. ?????, ??
?MF ;MC ??????, ?????????????, ????? F;C ????????
???????????????.
6.2.3 ????? DE???? SHADE???????????
????????? DE ?????, ?? SHADE ??????????. SHADE ?
???? t ????, ?? xi;t ??????????????? MF = (MF1 ; :::;MFH ),
MC = (MC1 ; :::;M
C
H )???????????, ?????????????, ??????
???????? Fi;t ? Ci;t ?????. ???, ?? t ????? SF ;SC ????, ?
(6.3), (6.4)??????MF ;MC ?????????.
??????????? SF ;SC ??????????? JADE ????????,
SHADE?????MF ;MC ??????????????. ????, ????????
*1 C 2 [0; 1]?????, SC ??????? 0???, ? (6.4)?????????????????????
??????. ???????, ??????????? 8SCj = 0jSCj 2 SC ????, MCk  0 ????
?.
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Algorithm 19: SHADE
1 t 1, ?? P t = fx1;t; :::;xN;tg????;
2 ????MF = (MF1 ; :::;MFH ), MC = (MC1 ; :::;MCH )??????? 0.5????;
3 k  1;
4 while ?????????????? do
5 SF  ;, SC  ;;
6 for i = 1 to N do
7 f1; :::; Hg??????? ri ???;
8 Fi;t = randc(M
F
ri ; 0:1);
9 Ci;t = randn(M
C
ri ; 0:1);
10 ? 3.1????????????????? vi;t ???;
11 xi;t ? vi;t ? binomial?? (Algorithm 7), ?? SEC (Algorithm 22) ???????
???????, ??? ui;t ???;
12 for i = 1 to N do
13 if f(ui;t)  f(xi;t) then
14 xi;t+1 = ui;t, Fi;t ! SF , Ci;t ! SC ;
15 else
16 xi;t+1 = xi;t;
17 if SF ;SC 6= ; then
18 MFk  meanL(SF );
19 MCk  meanL(SC);
20 k  (k moduloH) + 1;
21 t t+ 1;
?????????????????????? SF ;SC ??????????????, ?
???????????? F , C ? SF ;SC ???????????? JADE?????,
SHADE??H ???????????MF ;MC ??????????????????.
??MF ;MC ?????????????????????????, ? (6.1), (6.2) ??
?????? xi;t ????????????????????MFri ;MCri ??? Fi;t; Ci;t ?
??????, ????????????? 1=H ???, H ??????????????
????????.
??, ?? t??????????????? SF ;SC ???????????MF ;MC
???????? SHADE??, SF ;SC ???, ???????????????????
??????????? t + 1?????????????????. ???????, 6.2.1
?????? JADE, ??MDE???????????? F , C ???????????
?????? SHADE?????????????. ???, ?? 6.3?????? oracle?
????????????????????????, SHADE ? JADE ? MDE ????
????????????????????.
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? 6.1: ? (5.7), ?? (5.8)??? oracle?? oinc(nt), ?? odec(nt)??????????????
?? SHADE ????? DE ??????. ???? (5.5) ????  ??, ???? (5.6) ? rs ?
101?????????. ??, ????????????????.
6.3 Oracle???????????????????????
?????
????, 5.4.3 ?????? oracle ?????????????????????,
SHADE ???????????????. ??? 6.3.1 ??? (1) ????, (2) sin ??,
(3) ????????? 3?????? oracle????????????, ?? 6.3.2???
?????.
6.3.1 ? oracle??????????
????, 3 ?????? oracle ?? (5.5.1 ???) ???????????????
? SHADE? 5????????? 4???? DE (jDE [27], EPSDE [157], JADE [267],
MDE [110]) ????????????.
SHADE ??????? H ?????, JADE ???? c = 0:1 ??????? H = 10
???*2. ?????? 6.5 ???, H = f1; 3; 5; 7; 10; 15; 20; 40; 80; 160g ??? BBOB
benchmarks ??????????????, SHADE ?????, ??????? H ??
?????????????. ??, ????? H 2 f5; :::; 20g ???????????,
H = 10???????????????????????. ??, ???????????
? 5.5.1??????????????.
*2 JADE? F ; C ???? (4.8), (4.9)????, ??????????????????? SF ;SC ???
?, ? 1=c???????? [267]. ????, c = 0:1?????, 1=0:1 = 10?? 10??? SF ;SC ??
????????. ??, SHADE ??????? (6.3), (6.4) ??????? H ???? SF ;SC ???
?????. ?????????, SF ;SC ?????? JADE???????????, H = 10???.
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? 6.2: ? (5.9) ??? oracle ?? osin(nt) ???????????????? SHADE ?????
DE ??????. ???? (5.5) ????  ??, ???? (5.6) ? rs ? 101 ?????????.
(a), (b), (c), (d)?, ? (5.9)????? ! ??? 10, 20, 30, 40?????????????. ??,
????????????????.
? (5.7), (5.8) ?????, ? (5.9) ? sin ??, ? (5.10) ?????????????
oracle ???????????, ? 6.1, 6.2, 6.3 ???????. ? 6.1 ??, ??????
?? oracle?? oinc(nt)? odec(nt)??????? SHADE? rs ? JADE, ??MDE?
???????????. ???, oracle?? oinc(nt)? odec(nt)????, oracle????
???????????????????. ???, odec(nt)?????????? 6.1(b)?
???,  2 [0:8; 1:0] ?????????????? SHADE ??????. ? 6.1(a), (b)
???? SHADE?????????, ??????????????????????M
???????????????????.
? 6.2 ? sin ?????? oracle ??????????????. ???, ! ?????
??????, ???? 6.2(a), (b), (c), (d) ???, oracle ??????????????
???????????. SHADE ? ! > 20 ????,  = 1 ????????. ???,
 2 [0:1; 0:6]??, SHADE???????????????????. ?????, ! ??
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 = 1:0
? 6.3: ? (5.10)??????????????? oracle?? orw(nt)??????????????
?? SHADE????? DE??????. ??????????????????????????
????????? s ??, ???? (5.6) ? rs ? 101 ?????????. (a), (b), (c), (d) ?, ?
(5.5)????  ??? 0.1, 0.2, 0.3, 1.0?????????????. ??, ???????????
?????.
???????, ??? oracle?????????????????????????, ??
?????????.
???, ? 6.3 ?? (5.10) ??????????????? oracle ?? orw(nt) ????
????????. 1 ???????????????????????????????
s ???????????, oracle ?????????????????????????.
SHADE?  = 1?? jDE????????????,  = 0:1; 0:2; 0:3?? jDE, EPSDE
?????? s???????????. JADE? SHADE?????, ?????????
??????? s ??????, ??? oracle ????????????????? JADE
???????????. ??? s? 0.05????????, ??? oracle???????
??????????????, JADE? SHADE??????????. ??, SHADE?
MDE?????,  ? s???????MDE??????.
6.3 Oracle ???????????????????????????? 99
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
JADE
Oracle
µ
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
SHADE
Oracle
M
(a) odec(nt)
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
JADE
Oracle
µ
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
SHADE
Oracle
M
(b) os(nt) (! = 10)
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
JADE
Oracle
µ
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
SHADE
Oracle
M
(c) os(nt) (! = 40)
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
JADE
Oracle
µ
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
SHADE
Oracle
M
(d) orw(nt) (s = 0:04)
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
JADE
Oracle
µ
0 10000 20000 30000 40000 50000
Number of evaluations
0.0
0.2
0.4
0.6
0.8
1.0
SHADE
Oracle
M
(e) orw(nt) (s = 0:1)
? 6.4: ? oracle????????????????????, SHADE? JADE?????????
? ( = 0:1). ???????, ?????????????, JADE ?? , SHADE ?????M
???????????????. 101 ??????, ? (5.6) ? rs ??????? 1 ???????
?????. ??, oracle?? orw(nt)?? 1?? 101???????????? oracle??????
???????????????, ??? oracle ?????? SHADE ? JADE ?????. ???
???????????????? 6.5???????.
6.3.2 ??
????, 6.3??????? oracle??????????????????. ?????
?,  = 0:1?????????????????, SHADE? JADE?????????. ?
? 2??????,  = 0:1????? JADE?? 6.1, ? 6.2(a), ? 6.3(a)? s 2 [0:01; 0:03]
??? oracle????????????????? SHADE????? rs ??????. ?
?, SHADE?????? oracle???????????????????, JADE????
?????.
??????????????????, ? 6.4?  = 0:1????? oracle??????
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(a) orw(nt) (s = 0:04)
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(b) orw(nt) (s = 0:04)
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(c) orw(nt) (s = 0:1)
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(d) orw(nt) (s = 0:1)
? 6.5: ???????????? oracle ????????????????????, SHADE ?
JADE?????????? ( = 0:1). ???????, ?????????????, JADE?? ,
SHADE ?????M ???????????????. (a), (c) ?????, JADE ????, 101
??????? (5.6) ? rs ??????? 1 ?????????????????????????.
??, (b), (d) ?????, SHADE????, 101??????? (5.6)? rs ??????? 1???
??????????????????????.
JADE? SHADE??????????. ??, oracle?? orw(nt)???????????
????????, ? 6.5??????. ? 6.4(a), (b)??, ??????? oracle????
??????????????, JADE? ??? oracle???????????????
???. ??, SHADE????M ???? oracle??????????????????
?????????????. ?????, ? 6.1 ???????, ???????????
JADE? SHADE???????????????????. ???, ? 5.12(c), (e)???
? oracle ????????????????, JADE? ??????????????. ?
?, SHADE??? oracle??????????????????. ???, JADE????
SHADE????????????????????????????????, ?????
??????????????????????????.
6.4 BBOB benchmarks???? SHADE???????
6.3 ???, 5.4.3 ?????? oracle ?????????????????????,
SHADE?????????????????. ??????, ????? DE??????
??????????????? oracle ?????????????, SHADE ?????
??????????????????????. ????, ?? 5.4 ??????, ???
6.4 BBOB benchmarks???? SHADE ??????? 101
????????????????? oracle ??????? o ????????????
????, 5.4.2????????????????????????????, ??????
????????????????? SHADE??????????????. ???, ??
?????????????????????????? SHADE????, 5.3?????
BBOB benchmarks (2.5.3?, ???? C???) ???????????.
??? 6.4.1?????? DE (Algorithm 9), ?? 4???? DE (jDE, EPSDE, JADE,
MDE) ? SHADE?????????. ??, 6.4.2?????????????????.
6.4.1 ????
????, SHADE?????????????????. ??, ?????, 5.4????
? SHADE??????? H ? H = 10???. ???????, ?? 5.3???????
??????.
? 6.6  6.9 ?, ??????? rand/1, rand/2, best/1, best/2, current-to-rand/1,
current-to-best/1, current-to-pbest/1, ?? rand-to-pbest/1 (? 3.1??), ????? bino-
mial ?? (Algorithm 7) ? SEC (Algorithm 22) ??????????, 2, 5, 10, 20???
BBOB benchmarks? 24?????????? f1  f24 ???????????. ??, 8
?????????????????? 104 D???????????, ????????
6.10???.
? 6.6  6.9 ??, ?????????? best/1, ????? binomial ??????
D = 2; 5 ?????? (? 6.6(c)) ??????????, ??????????????
??????????????????????????????, ?????????
SHADE ???????????????. ?????, ? 6.10 ????, ??????,
?????????????????????????????????????. ??,
binomial????????, D = 10; 20?? 8????????????????????
?????????????.
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? 6.10: SHADE??? 6??????, ?????? 104 D ?????, 8??????????
????????????????? (D = 2; 5; 10; 20). ?????????, ??????????
???????????????????.
6.4.2 ??
????, 6.3?? 6.4.1?????? 2???????????????. 6.3???, 5?
???????????????????????????? oracle ??????????
???????????, SHADE ??????????. ????, jDE, EPSDE, JADE,
MDE ????????? DE ???????, ???????????????? oracle
??????????, SHADE ????????????????????. ????,
SHADE? 5.4??????????????????????.
6.4.1 ??????, 8 ?????????? 2 ???????????????????
???, BBOB benchmarks ????????????, ????? jDE, EPSDE, JADE,
MDE???? SHADE??????. ??, 5.3?????? JADE??????????
???????????????????????, SHADE? binomial??? SEC???
???????????????????, ???????????????????. ??
???????? SHADE???????????????, ??????????????
???????????? SHADE????????????, ??????????.
6.5 SHADE?????????? H ???
6.3?? 6.4???, SHADE????????????????? H ?, JADE????
c???? c = 0:1?????H = 10?????. ???, H = 10???????????,
6.5 SHADE ?????????? H ??? 107
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(b) current-to-pbest/1/bin
? 6.11: ????????? H ???? SHADE??????? (D = 5; 20). BBOB benchmarks
? 24???? f1  f24 ??????????????????????????????. ????
??????????????????????????????????????????????.
???????????????????????, ????????????. ?????, ?? C.3
????????.
????? H ???? SHADE?????????????????????????. ?
??, ???? SHADE????????????????? H ????????????
??.
??? 6.5.1 ???, BBOB benchmarks ?????????? H ??????????
??????, ?? 6.5.2??? oracle ????????????????????????
??????.
6.5.1 BBOB benchmarks?????????? H ???????????
??????
????BBOB benchmarks??????????H ???? SHADE????????
????????. ?????, H = f1; 3; 5; 7; 10; 15; 20; 40; 80; 160g??, ???????
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erential Evolution
?? 6.4???????. ??, ?????? binomial??, ??????????????
rand/1?, 6.4?????? SHADE???????????????? current-to-pbest/1
? 2???????.
? 6.11?, D = 5; 20????????????? H ???? SHADE????????
??. ???, D = 5?? rand/1?? H = 3, current-to-pbest/1?? H = 1??????
?????????. ??, H = 5; 7; 15; 20??????? H = 10???????????
?. ???, D = 5; 20, ?? rand/1 ? current-to-pbest/1 ???????????, ???
?? H = 80; 160 ?????, ???????????????????????????.
??????, SHADE?????? H ???????????, ??? H ???????
?????, ????????????????????. ??, ????? H 2 f5; :::; 20g
???????????, 6.3?? 6.4??????? H = 10??????????, ???
??????????.
6.5.2 Oracle??????????????????????, ??????
H ?????????????????
6.5.1 ???, BBOB benchmarks ?????????? H ???? SHADE ????
????????????. ???, ???? oracle ????????????????
???????????? H ???????????????????. ?????,
H = f1; 3; 5; 7; 10; 15; 20g??, ????????? 6.4???????. ??, ??????
?????? 5.5.1??????????????.
? 6.12????? oinc(nt), sin?? osin(nt), ???????? orw(nt)? 3??? oracle
?????????????. ??, sin?? osin(nt)????? ! ?????, ! = 40??
???. ??, ???????? orw(nt) ?????????  ? 0.1 ?????. ???,
oinc(nt)?????????, H = 1????? rs ??????, H ??????????
? rs ??????????????. ??????, oracle ??????????????
??????, H = 1????????????.
???, ??? 6.5.1 ?????? BBOB benchmarks ?????????? H 2
f5; :::; 20g ???????????????. SHADE ???????????????
?????, JADE ???? c ????????????????????????. ??
????, 5.5?, ?? 6.3???????, ??????????????????????
???????????????????, oracle???????????????????
??????????????????????. ????, ??????????????
???????????????????????????????, ??????????
??.
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? 6.12: ????????? H ???? SHADE ? oracle ??????????????????
??????????. ???? oinc(nt), sin ?? osin(nt), ???????? orw(nt) ? 3 ???
oracle????????????????. osin(nt)????? ! = 40, orw(nt)??  = 0:1???
??. ???? (5.6) ? rs ? 101 ?????????. (a), (b) ?????? (5.5) ????  ??,
(c) ?????????????????????????????????? s?????. ??, ?
???????????????.
6.6 L-SHADE: ????????????? SHADE
6.4??? SHADE?????? DE?????? BBOB benchmarks????????
?, ??????????. ??, 6.5????????? H ???? SHADE??????
??????????. ???????????, ??? N ??????? N = 5D ??
??????, ???????????????????????????????????
???. ????, N ?????????????????????, SHADE??????
??????????????. ???, ??????? N ???????????????
????????? [127] ??????????????.
????????? (1) ??????????, (2) ??????????, (3) ?????
???????? 3????????, 4.2.2?????????, ??? N ???????
??? (1) ???????????????????????????. ????, F ? C ?
??????????????????????????????, ???????????
????????????????????????????????????????. ?
??????, ????????????????? 5  6???????????????
????????? [145]. ????, ?????????????????????????
????? (1) ????????????, ???????????????????.
4.2.2?????????, EA???????????????????????????
?????????? [127, 72, 44, 9], ???? Laredo????????????????
??????? N ???????? [127] ??????????. ???, [127] ?????
?????? GA?????????????, ??????????? DE???????
110 ? 6 ? Success-History based Adaptive Dierential Evolution
?????. ??, DE???????????????????????????????
??, ????????????????????? [28].
Laredo???? [127] ??,  ? ??? 2?????????????????????
????????????, ?????????????????????????????
???. ????, ?????? Linear Population Size Reduction (LPSR) ???, LPSR
????? SHADE? L-SHADE???. LPSR??, ????? t = 1?????????
Ninit ???????? Nn ??, ?? t???????????????????. ??? t
?????, ??? t+ 1???? Nt+1 ??????????:
Nt+1 =

(Nn  Ninit) nt
nmax
+Ninit

(6.5)
???, nmax ???????, nt ??? t ?????????????????. Nn ?
??????????????????????. ???? 3.1 ????, rand/2 ????
Nn = 6, current-to-pbest/1 ??? Nn = 4 ???. ??, ?? LPSR ????????
????????????????????????????????, ?????????
?????? (4.2.2 ???). ???, ???????? (A.2.3 ???) ????, ????
????????????? nmax ??????????, L-SHADE??????????
???. ??, ???????????????????????, L-SHADE ??????
SHADE???????????????????.
? 6.13 ?, D = 2; 5; 10; 20 ???? L-SHADE ? SHADE ??????????.
SHADE, ?? L-SHADE ????????, ????? binomial ??, ???????
current-to-pbest/1 ?????. ???, 6.4 ?????????????????????
???. ??, L-SHADE ?????, ?????? Ninit = 20  D ???. ??????
?, ?? 6.4 ????? SHADE ??????. D = 5; 10; 20 ????, ????????
?, ?????????? L-SHADE ? SHADE ??????????????. ????
??, LPSR?????????? SHADE??????????????????????
?. ???, ???????????, L-SHADE????? SHADE????????. ?
??, ??????????????????????, L-SHADE???????????
?????????. ??, ???????????????, ??????????????
???????????????????.
???????, ????????????????????????????????,
??????????????????????????????????????????
??????????, L-SHADE? SHADE????????????.
6.7 Black-box optimization?????????????? state-of-the-art????????? 111
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? 6.13: L-SHADE? SHADE????? (D = 2; 5; 10; 20). ???????, ????? binomial
??, ??????? current-to-pbest/1 ???????. BBOB benchmarks ? 24 ????
f1  f24 ??????????????????????????????. ???????????
???????????????????????????????????????. ??????
?????????????????, ????????????. ?????, ?? C.3??????
??.
6.7 Black-box optimization??????????????
state-of-the-art?????????
??????????????????, ??????? SHADE ?????? DE ?
?????????????????. ??, 2.4.4 ??????? CMA-ES [96] ???
?????????????, black-box optimization ????????????????
? state-of-the-art?????? [92]. ?? restart CMA-ES??????????????
??? DE???????, ??????????????????. ????, SHADE?
restart CMA-ES???????? EA??????????????????????. ?
?, ??????? (A.1.3???) ? Nelder-Mead? (2.3.1???) ??????????
?????????????????????, SHADE????????????????
????????????. ???, ???? DE??? black-box optimization?????
????????????????? SHADE????????.
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??????, ?????? 12??????:
1. Random Search (RS) [31] ?? A.2.1???.
2. fminbnd [183] ???????????MATLAB? fminbnd?? (?????????
??????) ???????.
3. BFGS?????????????? (BFGS) [197] ?? A.1.3???. ??, ?????
??????????MATLAB? fminfunc?????????.
4. Nelder-Mead? (Nelder) [167, 89] 2.3.1???.
5. NEW Unconstrained Optimization Algorithm (NEWUOA) [186, 198] 2006 ?? Powell
??????, ????????????????????????????????
?????????? [186].
6. ???????? GA (SimpleGA) [168] 2.4.1???.
7. Particle Swarm Optimization (PSO) [210, 57] 2.4.5???
8. Generalized Generation Gap with Parent-Centric Crossover (G3-PCX) [46] 2.4.2???.
9. Memetic Algorithms Based on Local Search Chains (MA-LS-C) [162, 163] ?????
BLX- (? (2.11)), ???????? steady state (Algorithm 2) ???? ???
GA?, ???????? CMA-ES (2.4.4???) ????????.
10. BI-population CMA-ES (BIPOP-CMA-ES) [88] 2.4.4???.
11. Hybrid CMA-ES (HCMA) [150] BIPOP-CMA-ES*3???????????????
?? surrogate ??? [149] ????, ??? NEWUOA?????????????
?????????????? STEP [225] ???????????. ???????
? NEWUOA ???????????????, ??? surrogate ????????
BIPOP-CMA-ES? STEP????????. ???, ??????????????
????????????, ?????????? (????) ????. ??, HCMA
??????????????? Algorithm Portfolio [105] ??????????.
12. ??? DE (Algorithm 9) ??????? current-to-pbest/1, ????? binomial ?
???????? DE (Algorithm 9).
DE, SHADE, ?? L-SHADE ??????????? COCO ??????*4?????
?????. SHADE, ?? L-SHADE?????, 6.6???????, ????? binomial
??, ??????? current-to-pbest/1????????????????.
? 6.14? BBOB benchmarks???? DE????????? SHADE???????
? (D = 2; 5; 10; 20). D = 2 ?????, SHADE ??????????????????
??. ????, 1965?????????????, Nelder-Mead?? SHADE, L-SHADE
?? CMA-ES ????????????????????. ????????? [92] ??
???. D = 5; 10; 20 ????????????, HCMA ?????, ?????????
*3 ????, ??????????????????? 1 (2.4.4 ???) ??????????? [149] ?
BIPOP-CMA-ES????????.
*4 coco.gforge.inria.fr
6.7 Black-box optimization?????????????? state-of-the-art????????? 113
0 1 2 3 4
log10 of (# f-evals / dimension)
0.0
0.2
0.4
0.6
0.8
1.0
P
ro
p
o
rt
io
n
 o
f 
fu
n
c
ti
o
n
+
ta
rg
e
t 
p
a
ir
s
RS
fminbnd
SimpleGA
BFGS
PSO
DE
NEWUOA
G3-PCX
NELDER
BIPOP-CMA
MA-LS-C
HCMA
L-SHADE
SHADEf1-24,2-D
0 1 2 3 4
log10 of (# f-evals / dimension)
0.0
0.2
0.4
0.6
0.8
1.0
P
ro
p
o
rt
io
n
 o
f 
fu
n
c
ti
o
n
+
ta
rg
e
t 
p
a
ir
s
RS
SimpleGA
fminbnd
PSO
DE
G3-PCX
BFGS
NEWUOA
NELDER
MA-LS-C
BIPOP-CMA
L-SHADE
SHADE
HCMAf1-24,5-D
0 1 2 3 4
log10 of (# f-evals / dimension)
0.0
0.2
0.4
0.6
0.8
1.0
P
ro
p
o
rt
io
n
 o
f 
fu
n
c
ti
o
n
+
ta
rg
e
t 
p
a
ir
s
RS
SimpleGA
fminbnd
PSO
DE
BFGS
G3-PCX
NELDER
NEWUOA
MA-LS-C
BIPOP-CMA
SHADE
L-SHADE
HCMAf1-24,10-D
0 1 2 3 4
log10 of (# f-evals / dimension)
0.0
0.2
0.4
0.6
0.8
1.0
P
ro
p
o
rt
io
n
 o
f 
fu
n
c
ti
o
n
+
ta
rg
e
t 
p
a
ir
s
RS
SimpleGA
PSO
fminbnd
DE
NELDER
BFGS
G3-PCX
MA-LS-C
NEWUOA
SHADE
BIPOP-CMA
L-SHADE
HCMAf1-24,20-D
? 6.14: BBOB benchmarks????DE????????? SHADE????? (D = 2; 5; 10; 20).
BBOB benchmarks ? 24 ???? f1  f24 ?????????????????????????
?????. ????????????????????????????????????????
??????????. ???????????????????????, ????????????.
?????, ?? C.3????????.
???????????????????. ??, L-SHADE, SHADE ? HCMA ????
??, D = 10?????, D = 20?? L-SHADE???????? restart CMA-ES??
? BIPOP-CMA-ES??????????????. ??, D = 5; 10; 20??, Nelder-Mead
????????????, SHADE, ?? L-SHADE??????????? 2?????
???????????????????. ??? GA ? state-of-the-art ??? G3-PCX
???????????????? EA ??? PSO ????????? GA ?????,
SHADE??????????????.
???????????????????????, BBOB benchmarks????????
??????????, ? 6.15??? (D = 10). ?????????????? f1  f5 ?
?, SHADE, ?? L-SHADE????????????. ???, C ??????????,
??????????? SHADE ??????????????????????. ???
????? (f6  f9), ???????? (f10  f14) ????????, ????????
BIPOP-CMA-ES ??????, SHADE ? L-SHADE ????????????????
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(a) f1  f5 (?????)
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(b) f6  f9 (????????)
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(c) f10  f14 (????????)
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(d) f15  f19 (???)
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(e) f20  f24 (???????????)
? 6.15: BBOB benchmarks ??????????? DE ????????? SHADE ?????
(D = 10). BBOB benchmarks ???????????????????????????????
?????. ????????????????????????????????????????
??????????. ???????????????????????, ????????????.
?????, ?? C.3????????.
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??????????. ?????????????????? f15  f19 ??, ?????
??????????? BIPOP-CMA-ES??????. ???, ???? [94] ?????
???????. ???????????????? (f20  f24) ?? NEWUOA, ????
???, ?? G3-PCX?????? SHADE??????. ???, ???? EA?????
?????????????????? [153], ?????, ?? G3-PCX????????
????????? EA???????????????????????????????
??.
? 6.14, 6.15???????, SHADE,?? L-SHADE?, ????????Nelder-Mead
?????????????????????????????????????, ????
??? restart CMA-ES ??? black-box optimization ?????? state-of-the-art ??
?????? BIPOP-CMA-ES???????????????.
??, D = 2 ?????????, surrogate ???????, ????????????
?????? Algorithm Portfolio [105] ?????????? HCMA (??????) ??
????, SHADE ??????. ???, CMA-ES ?????? (3.3.1 ???) ????
??, ??????????????????????????????????. ??, ?
????????????, ?????????????????????????????
?, CMA-ES ??????????????????. ?????, ??????????
???????????? black-box optimization ??????????????????
??, ?????????????????????????, ?????????????
??. ???, HCMA ???????????????????????????????
STEP [225] ? CMA-ES????, ?????????????, CMA-ES???????
???. ???????????????????????, ??????????????
?? Algorithm Portfolio???.
???? Algorithm Portfolio???????????????????????????
?????? [245, 180], HCMA ??????????????????????????
??. ????, (1) SHADE? surrogate ???????, (2) SHADE?????????
??? (???, f15  f19) ????????????? Algorithm Portfolio??????
??, ??????????????????????????. ????????????
??????????.
6.8 ???
5 ?????????, ????? DE??????????????????, ????
???????????????. ??????????, ???????????????
?, DE?????????????? Success-History based Adaptive DE (SHADE) ??
???. SHADE ?????????????????????????????????,
?????????????????????????????, ????????????
???.
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???, SHADE????????????????????? oracle?????????
???????????, ???? DE ?????. ????, jDE, EPSDE, JADE, MDE
?????? DE?????????????, oracle?????????????????
?????????, SHADE????????????????. ????, SHADE? 5.4
??????????????????????.
??, 8?????????? 2??????????????????????, BBOB
benchmarks?????????????????????????. ????, ?????
jDE, EPSDE, JADE, MDE ???? SHADE ??????????. ??, ??????
???????????? DE ???????????????, ???????????
??????????????????????, ???????????????????
?, 5.3 ?????????????????????????????. ??, SHADE ?
binomial??? SEC??????????????????????, ?????????
??????????????????????????. ??, black-box optimization?
??????????????????????, ?? state-of-the-art ?????????
??, DE?????????? SHADE???????????????????. ???
???, SHADE??????????????????.
117
? 7?
SHADE????? DE??????
??: ??????????????
DE??????????????
??
6??? DE??????????? SHADE????, ???????????????
???????. ???, SHADE ????????????????????, ?????
??????????????????. ???? SHADE???, ?? DE???????
?????????.
?????????????????, ??????????????????????.
??, ????????????????????????????? [82]. Tang?????
?????????, ????????????????????????????? [231].
???, ??????????????????????????????????????
????, EA????????????????????????.
?????????????????? DE??????????????????. ??
??????? DE??, 5??????????????? jDE [27] (4.5.1???), JADE
[267] (4.5.3???), ??, 6??????? SHADE?????. ?? SHADE? black-box
optimization???????????????????????, ?? state-of-the-art??
????????????????.
???, 3 ???? DE????????????????, ?????????????
??????????????????????, ?? DE???????????????
????. ??????????????????? DE????????????????
?, ??????????????????????. ????, ?? DE????????
?????????????????????????????, ????????????
??????????????????????????.
??, ????????????????? [230] ???????.
118 ? 7 ? ?????????????? DE????????????????
7.1 ????
5?, ?? 6??????? BBOB benchmarks? 24?????????????, ??
???????????????, ??????????????????????. ??, ?
???????????????????????????? [82]. ???????????
???????, ???? , ?????????????????????? [82].
Tang ??????????????, ??????????????????????
??????, CEC2010 LSGO benchmarks ????? [231]. ???, CEC2013 LSGO
benchmarks [132], CEC2014 benchmarks [136] ?????????????????,
??????????????????????. ??????????, ??? x =
(x1; :::; xD)
T ???????????????????, ????????????????
????????????. ???, ???????????????????, ????? x
?????????. ???, ????????????????????????, ???
??????????????????????????????????.
???, ?????????????????????????????????????
?????, EA????????????????????????. 2.5.1???????
??????????????????????????, ???????????????
?????????????????????????????????????, ????
??????????????????. ??, ????????????????????
?????????, ???????????????????????????????.
???????, ?????????????????????? partial separability (2.2.4
???) ????????????????????? [264, 34], ????????????
?????????????????, partial separability? EA????????????
???.
???, ??????????????????????????????????, ??
DE???????????????????????. ????????? DE??, 5?
?????????????? jDE [27] (4.5.1???), JADE [267] (4.5.3???), ??, 6
??????? SHADE?????. ?? SHADE? black-box optimization??????
?????????????????, ?? state-of-the-art ??????????????
????.
???, ????????????????????????????????? DE??
??????, ???????????????????????????????????,
?? DE ???????????????????. ???, Sphere ?? f(x) = PDi=1 x2i
????????????????????????????, ???????? Rastrigin
???????????, ?? DE???????????????????????. ??,
?????????????????????????????????????, ????
??? DE????????????.
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?????????????. ??? 7.2?????????? 2???????????
???????????????. ??, 7.3????????????????? DE???
???????. ???, 7.4?????????????????????????????
????, ?? DE?????????????????. ??? 7.5??????????.
7.2 ?????????????
????, ??????? 2??????????????????????????. ?
?? 7.2.1 ???????????????????????????, ??? 7.2.2 ???
?????????????????????????.
7.2.1 ?????????????????????
CEC2010 LSGO benchmarks [231] ??, ??????? 50??????????, ??
???????. ???, ?????????????, ?????????????????
??????????, ????????????. ??, ???????????, ????
?????????????????.
CEC2013 LSGO benchmarks [132] ?, CEC2010 LSGO benchmarks?????????
?????, ??????????????????????. CEC2010 LSGO benchmarks
?????, CEC2013 LSGO benchmarks??????????????????????
??????. ??, CEC2010 LSGO benchmarks ?????????????????,
CEC2013 LSGO benchmarks????????????????????????????
?, ????? [256, 172] (2.2.4???) ???????????????????. ???,
?????????????????????????, ?????????.
CEC2014 benchmarks [136] ?????????????, ??????? 3  5 ???
??????????, ????????????????????, ??????????
????? x ?????????????. ??, CEC2010 LSGO benchmarks ????,
??????????????????????????????????????????
????.
7.2.2 ????????????????????
???? 7.2.1?????????? [231, 132, 136] ??????????, ??????
?????????? 2, ??? 2?????? f; g ????, ?????????????
????????????????????, ???????? Hf;g ?????. ???, ?
????????????????????? DE???????????????. ???
?, ????????????????? Hf;g ??????????.
D ???? x = (x1; :::; xD)T ?, 2 ????????? f ? g ??????????
?? Hf;g ?????, ????? Hf;g(x) ?????????. ???, x ??????
120 ? 7 ? ?????????????? DE????????????????
(x1; :::; xD)?, (1) f ????????? xf = (xf1 ; :::; xfDf )T ?, (2) g ?????????
xg = (xg1; :::; x
g
Dg
)T ? 2?????????. ???, Df ; Dg ????? xf ;xg ?????
??, D = Df +Dg ???. ???????? f : RDf ! R? g : RDg ! R??????
?????????????????, ?? r 2 [0; 1]?????????????????
???????. Df = bD  rc, ?? Dg = D  Df ??, ?? D = Df +Dg ??????
??. ???, ??? r ???????????, xf ??????????????????
??????. ???, xf ????????Df ???????, (x1; :::; xD)???????
???, ?????????? Dg ??????? xg ??????*1.
? x? xf , xg ?????, ???????? Hf;g ????? x???????????
???:
Hf;g(x) = wff(x
f ) + wgg(x
g) (7.1)
???, f(xf ) ? g(xg) ???????? f , ?? g ?? xf , ?? xg ?????????
???. ???, D = 30????????? Hf;g ???? f , ?? g ????? Sphere?
?? Rastrigin ?????????. ??, r = 0:4 ??????, Df = b30  0:4c = 12,
Dg = D  Df = 30  12 = 18???. ???, x? 12?????????? xf ? Sphere
??, 18?????????? xg ? Rastrigin????????, ???????????
??????? HSphere;Rastrigin ??????????? HSphere;Rastrigin(x)???.
? (7.1)????, wf , wg ???????????. wf , wg ????????, 7.2.1??
???? CEC2013 LSGO benchmarks [132] ????????????????? Hf;g(x)
?????????????, ??????????. ???, ??????????????
???????????? DE????????????, wf = wg = 1???.
7.3 2???????????????????????? DE
?????
????, 2 ???????????????????????? DE ????????.
??? 7.3.1???????????????. ???, 7.3.2??????????????
??????????????, 7.3.3 ????????????????????????
????????????????????????.
*1 x = (x1; :::; xD)
T ????, (x1; :::; xDf )? xf ?, (xDf+1; :::; xD)? xg ?????????????,
???????????????????????????????. ???, ??????????????
?????????????????, ????? 8????????? exponential ??????????
???????????????????????????????????, ??????????. ???
????, ????? xf , xg ???????????, (x1; :::; xD)???????????.
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7.3.1 ????
?????,??????????????? Sphere??, Schwefels 1.2??, Rosenbrock
??, Rastrigin ??, Ackley ??? 2 ???????????????????????.
? 7.1?, ??????????????????. ??????????????????
??, ?????????? [ 100; 100]D ??, ???????????????????
?????. ??, ??? x ?????????? [ 80; 80] ?????????????
????????????. z = (z1; :::; zD)T , z = x   o ???, ???????????
o = (o1; :::; oD)
T ??????????. o???? f1; :::; Dg???? [ 80; 80]????
????????????????????????. ???????, z = (0; :::; 0)T ??
??? fbest = 0???. ??????????, ?? CEC2014 benchmarks [136] ????
??????????????.
? 7.2?, ? 7.1? 5????????????????????????, ??????
??? 8?????????????. ???, 7.2.2?????????, Hf;g ??? f ? g
??????????????. ???, HSph;Ras ? Sphere??? Rastrigin??????
???????. ? 7.2?????? 6???????? ???, ??? HSph;Ras ????
????? Sphere ??????????? Rastrigin ??????????????, ??
?????????????????????????????????. ??, ??? 2?
???????????? HSph;Sch, ?? HRas;Ack ?, ??????????????, ??
????????, ?????????????. ???????????????????
?, ????????????, ???? 7.3.2?? 7.3.3???????.
???? CEC2014 benchmarks [136] ????, D = 30; 50???. 7.2.2???????
?????? r 2 [0; 1]?, 0.0?? 1.0?? 0.1????????. ??, ?????????
???????? f(xbsf )???? f(x)????? jf(xbsf )  f(x)j? 10 8 ?????
????, ????????????????. ???, ?????D  10; 000??????
?, ??????????. ???, ??? r ??????????? 50???, ?????,
????????????????? 50???????????????????????.
????????? DE ??, 5 ??????????????? jDE [27] (Algorithm
11), JADE [267] (Algorithm 13), ??, 6 ??????? SHADE (Algorithm 19) ??
???. JADE, ?? SHADE ???????? N = 100, jDE ????? N = 50 ??
?*2. SHADE ?????, 6.4 ??????????????????????????
current-to-pbest/1, ????? binomial???????. ???????, 5?, ?? 6??
?????????????.
??, ??????? rand/1, ????? binomial????????? DE (Algorithm 8)
??????????. ??? DE?????????, ??????????????, ?
*2 jDE????? N = 100???????, Schwefel 1.2? Rosenbrock????????????????
????????????????????????, ??????? 50???.
122 ? 7 ? ?????????????? DE????????????????
? 7.1: 7 ?????????????????????, 5 ??????????. z =
(z1; :::; zD)
T ??????????????.
??? ?? ????
Sphere?? f(x) =PDi=1 z2i ?????, ???
Schwefels 1.2?? f(x) =PDi=1(Pij=1 zj)2 ??????, ???
Rosenbrock?? f(x) =PD 1i=1  100(zi+1   z2i )2 + (zi   1)2 ??????, ?????
Rastrigin?? f(x) =PDi=1 z2i   10cos2(zi) + 10 ?????, ?????
Ackley?? f(x) =  20exp
  0:2p1=nPni=1 z2i  ?????, ?????
 exp 1=nPni=1 cos(2zi)+ 20 + e
? 7.2: 7??????? 8??????????. ???? 6???????? ???, ?
????????????????????????? f , g ??????????. ??, ?
?? 2????????????? HSph;Sch, ?? HRas;Ack ????? f , g ???????
???????. ????????????????????, ????????????.
??????????? ???????? Hf;g ???? f ???? g
HSph;Ras Sphere Rastrigin
HSph;Ack Sphere Ackley
??????? HSch;Ras Schwefel 1.2 Rastrigin
HSch;Ack Schwefel 1.2 Ackley
HRos;Ras Rosenbrock Rastrigin
HRos;Ack Rosenbrock Ackley
?????? HSph;Sch Sphere Schwefel 1.2
HRas;Ack Rastrigin Ackley
?? N = 50*3, F = 0:5, C = 0:1; 0:9????? [27, 193, 267]. C = 0:1; 0:9 ??????
????, ????????????????? [196]. ??????, ? C ????????
? DE? DE-C0:1, DE-C0:9?????.
*3 ????? N = 100????, jDE?????????????????????.
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7.3.2 ???????????????????????????????
?????
? 7.1 ?????????????????????????? (HSph;Ras, HSph;Ack,
HSch;Ras, HSch;Ack, HRos;Ras, HRos;Ack) ????, ???? f , g ????? r ??????
??????????. ??, D = 30; 50???. ? 7.1??, ?????????????:
 ? 7.1(b)? 30??????HSph;Ack ?????, r???????????????
??? 1????.
 ?? DE (SHADE, JADE, jDE) ?, 50?????? Schwefel 1.2??? Rosenbrock
???? jDE??????, r = 0:0; 1:0?????????????. ?????, ?
7.1???????? f; g ??????, ?? DE????????????????
?????????????.
 ?? DE??????? r ? 0???????????, ????? r = 0:5  0:9?
??????????. ???, r = 1:0 ??????????????. ???? V
?, ?? U??????????????.
 ?????, D = 50?????????? D = 30?????????????. ?
??, ??????????????????????????.
????, ????????????????, ???????????????????
???????????????????, ????????. ????, HSph;Ras, HSph;Ack,
HSch;Ras, HSch;Ack ?? Rastrigin??, ?? Ackley??????????????, ???
?????????????????????????????????. ???, ????
?????????????, ?? DE??????????????????????. ?
?, ?????????????? 8  9 ?? Sphere ??, ?? Schwefels 1.2 ?????
????????? SHADE, JADE, jDE ?????????????????. ????
????????? Rosenbrock ??? Rastrigin, Ackley ??????????????
HRos;Ack, HRos;Ras ??????????.
??, ? 7.1(a) ? HSph;Ras ?????????, black-box optimization ???????
????????????????, ?? state-of-the-art ???????????????
??? SHADE?, ?? Sphere???????????????????????????
?????????????. ??, ???? DE??????????????, ????
?????????????????, ?? EA????????????????????
?? [94, 224]. ???, HSph;Ras ????????? j 2 f1; :::; Dg???????????
???????? DE??????????. ??????, HSph;Ras ??????????
?????? DE?????????????????????????. ???, DE{C0:1
? HSph;Ras ???????????????????????, ?? DE???? DE??
????????????????????????????.
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(b) HRas;Ack
? 7.2: ???? f; g ???????????????????? (HSph;Sch, HRas;Ack) ??
??, ???? r ?????? DE (jDE, JADE, SHADE), ????? DE (Algorithm 8)
? 50???????????? (D = 30; 50).
7.3.3 ???????????????????????????????
??????
7.3.2???, ???????????????????????????????, ???
???? r ??, ?? DE?????????????????????. ??????, ?
?? 2?????????????????????, ?????????????????
??????. ???, ???? 7.3.2??????, ??????????????????
?????????????????????. ????? 7.2????????? HSph;Sch
? HRas;Ack ????. ???, HSph;Sch ?????????, HRas;Ack ?????????
?????????.
30, 50?????? HSph;Sch ? HRas;Ack ???????? 7.2???. SHADE, JADE,
jDE?????? r ????, HSph;Sch, ?? HRas;Ack ???????? 1???. ???,
?????????????? HRas;Ack ???, ? 7.1(a)???????????????
?? HSph;Ras ??????????????, ???????????. ??????, 7.3.2
????????, ?????????????????????????????????
???, ????? r ??? DE??????????????, HSph;Sch, ?? HRas;Ack ?
???????? 2???????????????, ?????????????????
????????????.
???, ? 7.1(b) ??????? HSph;Ack ??, ??????????????????
126 ? 7 ? ?????????????? DE????????????????
???????????, r ????????????????????????. ???,
Sphere ??????, Ackley ??????????????, ?????????????
???????????, ??????? HSph;Sch ? HRas;Ack ?????????????
???????????.
7.4 ?????????????? DE??????????
???
???? 7.3.2????????, ?????????????????????????
??????, ??????? r ??, ?? DE?????????????????. ??
?, 7.4.1????????????????? DE ??????????????????
????. ??, ??????????????, 7.4.2?????????????????
???????????????????, 7.4.3????????. ???, 7.4.4?????
??????????????.
7.4.1 ?????????????? DE ???????????????
????
????, 7.3.2 ????????????????????? DE ??????????
??????, SHADE, JADE, jDE???????????????????. ??, 5.4.1
??????????, ??????????????????????????????,
??????????????????????????????????????????
??????????, ???????????????.
? 7.3, 7.4 ?, r = 0:2; 0:8 ??? 30 ??? HSch;Ras ???? SHADE, JADE, jDE ?
C;F ??????????????????. ???, ?????????????????
???????, ????????????? C;F ???????????. SHADE ??
???, ????????MF = (MF1 ; :::;MFH ), MC = (MC1 ; :::;MCH )?????????
?. JADE?????, C ; F ?????????????. ??, jDE??, ??????
? xi;t, i 2 f1; :::; Ng ?????????? Ci;t; Fi;t ????????????. ??, ?
???????, ???????????????????????? 50????????
??. ???? Success-run??????, Failed-run?????????????????
????. 50 ?????????????, ?????????????????????
????????. ??, ????? r = 0:0, ?? r = 1:0 ?????? HSch;Ras, ???
Rastrigin ??? Schwefels 1.2 ???????????????????????????
???????.
? 7.3, 7.4 ??, SHADE, JADE, jDE ? Schwefels 1.2 ???? C ?????, F ? 0.5
?????????????????. ??, Rastrigin???? C ???, F ???????
????. ??????, Schwefels 1.2??? Rastrigin????, ?? DE???????
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? 7.3: 30 ??? HSch;Ras ???? SHADE, JADE, jDE ? C ???????????.
r = 0:2; 0:8?????????????, ????????. ????????, ?????
??????????????????? 50?????????. ???? Success-run?
?????, Failed-run?????????????????????. ?????????
???????, ??????????????? C ???????????.
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(c) jDE
? 7.4: 30 ??? HSch;Ras ???? SHADE, JADE, jDE ? F ???????????.
r = 0:2; 0:8?????????????, ????????. ????????, ?????
??????????????????? 50?????????. ???? Success-run?
?????, Failed-run?????????????????????. ?????????
???????, ??????????????? F ???????????.
?????????????????????????????. ???????, ????
? DE???????????????? [196, 27] ?? JADE, jDE??????????
????????????? [27, 267].
??, r = 0:2 ???? HSch;Ras, ??? Rastrigin ?????????????????
?????????????????? DE ????????????. ? 7.3, 7.4 ??,
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r = 0:2???? HSch;Ras ? Rastrigin?????? SHADE, JADE? C;F ??????
?????????????????. ??, jDE ????? Ci;t; Fi;t ?????????
????????????, Success-run? Failed-run????????????, ????
? SHADE, JADE???? Rastrigin????????????????????????.
??, r = 0:8???? HSch;Ras, ??? Schwefels 1.2?????????????????
????, C;F ??????????? Schwefels 1.2??????????????.
???????, ?? DE????????????????, ????? 2??????
??, ??????? r ???, ???????????????????????????
???????????. ?????, ? 7.3, 7.4???? HSch;Ras ???????????
?, ???????? HSph;Ras, HSch;Ack, HRos;Ras, HRos;Ack ?????????????
???????????????????????????.
7.4.2 ???????????????????????, ????????
???????
7.4.1 ????? DE ?????????????????????, ?????????
????????????????????? HSch;Ras ????, ?? DE (jDE, JADE,
SHADE) ??????????? 2 ????????, ??????? r ???, ????
????????????????????????????????. ??, ?????
HSph;Ras, HSch;Ack, HRos;Ras, HRos;Ack ?????????????????????. ??
?, 5.4.1??????????, ???????????????????????????
??, ????????????????????????. ???, ???????????
?????????????????????????????, ? r 2 [0; 1]??????
??????????????????????????????????.
???, jDE ? Sphere ??? 2 ????, 1 ??? 5 ??, 2 ??? 4 ?????
???????????. ??, ????? C ???? (7.4.1 ???) ? 1 ????
(0:7; 0:6; 0:5; 0:7; 0:4), 2 ???? (0:9; 0:8; 0:3; 0:5) ???????. ???, ?? DE ? 1
????????????????????, ????????????? 2 ??????
???????????????, ??????? C ?????????????????
???? (0:8; 0:7; 0:4; 0:6; 0:4)???. ???, jDE? Rastrigin??? 2????, C ??
?????????? (0:4; 0:5; 0:4) ????????. ???, ????? Sphere ???
Rastrigin?????? 2?????????????? (0:4; 0:2; 0:0)???, ??????
?? 2??????????????? (0:4 + 0:2 + 0:0)=3 = 0:2???. ???, ????
????????????????????, ?????????????????????.
Algorithm 20 ?, ?????????????????????????????????
????.
???, ???? (ph1 ;ph2)???? 2???? h1; h2 ????, 2??????????
??????? ph1 ;ph2 ???????????????????????. (ph1 ;ph2)?
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Algorithm 20: ???????? 2 ??????????????????????
(ph1 ;ph2)
input : ph1 ;ph2 : ?? h1; h2 ???????????????????
output : : ph1 ? ph2 ???????????? 2?????????????
1 tmax  min(jph1 j; jph2 j);
2   0;
3 for t = 1 to tmax do
4    + jph1t   ph2t j;
5   =tmax;
Algorithm 21: ?????????????????????????????? (?
7.5?????????)
input : ??????????????????????? pHf;g , pf , pg
output : Hf;g ;f , Hf;g;g: ??????????????????????????
1 Hf;g ;f  0;
2 Hf;g ;g  0;
3 for Hf;g 2 I do
4 Hf;g ;f  Hf;g ;f + (pHf;g ;pf );
5 Hf;g ;g  Hf;g ;g + (pHf;g ;pg);
6 Hf;g ;f  Hf;g;f=jIj;
7 Hf;g ;g  Hf;g;g=jIj;
??????? 2???????????????????, ??????????????
????.
??????????? I = (I1; I2; ::::) ?????????????????????.
???, ???????, ??? r ???????????? Hf;g ???????????
?????????? (Hf;g; f), ?? (Hf;g; g)???????????????????
???????? rHf;g;f , 
r
Hf;g;g
???. Algorithm 21?, rHf;g;f , 
r
Hf;g;g
???????
?. ???, ??? r ????, (HSph;Ras;Sphere) = 0:4, ?? (HSch;Ack; Schwefel 1:2) =
0:6 ???????. ????, ??????? (0:4 + 0:6)=2 = 0:5 ???. ???,
(HSph;Ras;Rastrigin) = 0:6 ???, (HSch;Ack;Ackley) = 0:8 ????, ???????
(0:6 + 0:8)=2 = 0:7???. ???, ?? r ?????, ???????? Hf;g ????? f
????????????????????, Hf;g ????? g?????????????
???, f ???????? 0:7  0:5 = 0:2??????????????????.
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(c) jDE
? 7.5: ?????????????????????????????? (HSph;Ras,
HSph;Ack, HSch;Ras, HSch;Ack, HRos;Ras, HRos;Ack) ????, Algorithm 21 ???? r 2
f0:1; :::; 0:9g ????????, C;F ??????????????????????

r
Hf;g;f
, 
r
Hf;g;g
. SHADE, JADE, jDE ????????????.
7.4.3 ????????????, ???????????????????
?????????
????, 7.4.2??????????????????????????????????
????????????, ?????????????? DE?????????????.
? 7.5 ?, ? 7.2 ???????????????????????????????
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(HSph;Ras, HSph;Ack, HSch;Ras, HSch;Ack, HRos;Ras, HRos;Ack)????, Algorithm 21??
?? r 2 0:1; :::; 0:9????????, C;F ? rHf;g;f , 
r
Hf;g;g
??????????. ??,
? 7.5?? r ????, ????, ??????, ??????????????????. ?
?, ???? f; g ????????????????????????? Hf;g ??????
??????????????, ???? f , g ??????????, 50?????????
?????????. SHADE ? JADE ???? 30, 50 ?????????????, jDE
????? 50??? Schwefel 1.2?????????? 0??????, 30???????
??????.
? 7.5??, ????? DE????????????. r ??????, ????????
??? Hf;g ??????? g ??????, ?? r ??? Hf;g ? g ??????????
???????? rHf;g;g ?????????. ???, Hf;g, ?? g ?????? DE ??
?????????, ????????????????. ???, r ??????????,

r
Hf;g;g
??????????, g ???????????????????????????
??. ??, r ??????? rHf;g;f ????, ??? f ????????????????
???. ?????, C, F ????????????.
???????, ??????????? 2 ?????? f; g ????????????
Hf;g ????, ?? DE? C;F ???????????????, f , ?? g ??, ????
????????????????????????????. ?????, 7.4.1?????
????????????????????.
7.4.4 ??
???? 7.4.1 ?, ?? 7.4.3 ???????????????????. 6 ??????
SHADE, ?? JADE, jDE???????? DE (4.4.2???) ????, ?? t?????
?? xi;t ????????? ui;t ??????, ??? f(ui;t)  f(xi;t)????????
??? si;t = fCi;t; Fi;tg?, ?????????????????, ???????????
?? t + 1 ? C;F ?????????. ???, ?? DE ?????? ?????, ???
?????????????????????????, ????????????????
???????????????????. ?????????????????????
?????????????????????, ?????????? DE???, ????
????????????????.
???, 2?????? f; g ???????????? Hf;g ????, f ????????
?????????????????*4. ? x?????? Hf;g(x)? f; g ???????
??????? (7.2.2???), ????????????????? f ???, ??????
????????? g???, ???????????????*5. ?????????, ??
*4 ????????, f ??? g ??????????????????????????, ?????????
??????????.
*5 ? (7.1)???? wg ? wf ??????????????, ????????.
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DE?????? f ??????????????, f ?????????????????
????????, g ???????????????????????. ????, f ???
????????????, ?? DE? g ???????????????????????
??????.
?????, 7.3.2????????, ? 7.1(c)????????? DE?????????
???????????????. HSch;Ras ??, SHADE, JADE, jDE? r = 0:2????
?? 1, ????????????????????????????, r = 0:8??????
? 0???. ???, ????? DE?????????????????????????
???. HSch;Ras ???????? Schwefel 1.2??? Rastrigin???, ????????
??????. Schwefel 1.2??????????????????, Rastrigin??????
??????????????. ??, ????????????????????????
?????????. ??, ? 7.3, 7.4???? DE??????????????????
?????????????.
? 7.3, 7.4????, r = 0:8??, ?? DE????????????? Schwefel 1.2?
??????????????????. ???, ??? Rastrigin???????????
????????????????????????. ??, Schwefel 1.2????????
?????????????????, ??????????? Rastrigin????????
??????, ???????????????????????????. ??????, ?
7.1(e)? HRos;Ras ?????????????. Rosenbrock??? Rastrigin??????
??????????, Rosenbrock???????????????, C ?????????
??????, ???????????. ???, Rastrigin?????? C ????????
?, ????????????????????????????, ???????????
??????????????.
????, Rastrigin??, ?? Ackley???????????????????????
?, ?????????????????, ?? DE??????????????????
????????????????, ?????????????????????????
??????????. ??, r = 0:2, ??? Rastrigin??, ?? Ackley????????
???????????????????????????, ??????????????
? Sphere??? Schwefel 1.2????????????????????????????
?, ?????????????????????????????????.
7.5 ????
????, ???????? [231, 132, 136] ?????? DE ????????????
??????. ????????? DE ??, 5 ??????????????? jDE [27]
(4.5.1???), JADE [267] (4.5.3???), ??, 6??????? SHADE?????. ?
?? 3 ???? DE????????????????, ????????????????
???????????????????, ?? DE ??????????????????
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?. ??, ???? DE??????????????, ????????????????
???. ??????, ???????????????????????????????
?? DE???????, ??????? r ????, ?????????????????
???????????, ????????????????????????, ?????
?????????.
????????, ????????????????????????????????
??, ?? DE???????????, ???????????????????????
???????????. ?????, ?????? DE ????????????????
??????, ????????????????????????????????. ??
????, ??? j 2 f1; :::; Dg ???? fC1; :::; CDg, ?? fF1; :::; FDg ????, C;F ?
????????????????, ??????? DE????????????????
????. ??, ???????????????????????, ??????? DE?
???????????? [264, 34]. ??????????, ??????????????
??????????. ???????????, ?????????????.
??, 5 ?????????, ?? DE ??????????????????? [27, 30,
189, 267, 157, 36] ?????????????????. ?????? 7.4.2???, ???
??????????????????????????????????????????
?, ?????????????? DE????????????????????????
???. ????????????????????????, ?????????????
?????. ?????????????????????, ??????????????
??? DE????????????????????, ????????????????
DE???????????????????????????????. ????????
??, ????????????.
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? 8?
DE???????????????
??
5?? 7???, ?? DE????????????. ??, 6?????????????
Success-History based Adaptive DE (SHADE) ?????. ??????????????
????????????, ???? DE??????????????.
3.1.2?, ?? 3.2.2??????????, binomial??? exponential??? DE???
???????????????????. DE ????????? binomial??????
???????????, ???? exponential????????????????????,
????????????????????.
??????, exponential ??? Rosenbrock ???????????????????
???????, ??????????????????????????????????
?????????????????. ????????? black-box optimization ???
???????????????????????????????????????, ??
??????????????, exponential???????? binomial?????????
????????. ??, ????????? Shued Exponential Crossover (SEC) ???
????????????????????, (1) ??????????????? binomial
?????????????, (2) SEC? exponential ?????????????????
????.
??, ????????????????? [228, 276] ???????.
8.1 ????
DE????????????????????????, ??????????????
??????????? [161]. DE??????????????? GA????????
? 1, 2??? (2.4.1???) ?????, binomial??? exponential????? [220] (3.1
???). ???????, ????????????, ?????????????????
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????????????? [140]*1.
GA???? 1, 2????, ????????????????????????????
?????????, ????????????????????????????????
????, ?????????????????????, 1989?? Caruana??????
??? [35]. ????, ???? x = (x1; :::; xD)T ????, ???????????? x1
? x2 ???????????????????????, ???????????????
??????????????????, ??????? 1, 2??????????????
???. ??, ????????????????????????????????, ???
?????. ??????? GA????????????????????, ???? GA
??????? 1, 2???????????????????. ?????, 1, 2?????
??? exponential????????????????????????? [188]. ???, ?
???????????????.
????, ???????????????????????????? black-box opti-
mization ????, ????????????????????????*2. ????, DE
?????????????????????????????????? binomial???
??, exponential ??????????????????. ???, ??????????,
binomial??? exponential?????????????????????? [220, 161]. ?
?, 2005? 2010????? DE???????????, ??? binomial???????
?? [196, 27, 28, 257, 267, 189]. ???, ??????, ???? exponential ?????
???????????????? [99, 29, 269, 128, 268]. ??, ???????????
?? exponential ????? binomial????????????????????????
[99, 268].
???, 2.5.1??????????, ??????????? EA??????, ????
????????????????????????. ???, 2.5.2?????????, ?
??????????????????????????? EA?????????????
?? [67, 203, 252, 231, 138, 154]. ?????????, ????????????????
?????, ?????? (0; :::; 0) ?????, ????????????????????,
????????????????????????????????????????. ?
???, ??????????????????????????????????.
???? exponential??? Rosenbrock????????????????????, ?
??????????????????????, ???????????????????
???. ???, ???????????, exponential ????????????????
?????????. ??, ????????? Shued Exponential Crossover (SEC) ?,
exponential ????????????????????. ???, SEC ? Price ????
*1 Binomial??? exponential????????????????, 3.2.2?, ?? 3.3.2????????.
*2 ?????????????????????????????????????, ???????????
????????????????????????? [177, 234, 172], ????????????????
??????????????????????, ??????????????????????????.
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??????, shue crossover [35] ????? exponential??????????????
[188]. exponential??? DE?????????? 1995???????????????
????? [220], ??????????????, ???????????? SEC????
????????.
?????????????. ??? 8.2 ???, ????????????????
???????????????. 8.3 ??? adjacent ??? distributed ??????
exponential ??????????. shued exponential ????????? 8.4 ????
?, exponential ???????????? 8.5 ??????. ??? 8.6 ????????
??.
8.2 ??????????????????????????
?????
8.2.1 ????
EA????????????, Sphere??, Rastrigin??, Rosenbrock???????
??????????????????????????????. ???????????
??, ???/???, ?????/??????, ????????????????????
??????????????????. ???, ???????????, EA??????
??????????????????? [67, 203, 252, 231, 138, 154]. 2.5.2??????
???, ????????????????????????????????, ?????
???????????????????????????.
2.5.2???????, ??? f(x)? 0, ??????????????????????
????????????????, ?????????????????????????
?????????????????????????. ???, ????????????
???????????? Rosenbrock?? f(x) =PD 1i=1  100(xi+1   x2i )2 + (xi   1)2 ?
?, ? x = (x1; :::; xD)T ???????????? xi ? xi+1, i 2 f1; :::; D   1g?????
???????. ???, ??????????????????????????????
??????, ????????????????????????????.
???, Bouzarkouna????????????????, ??????????????
??????????????????????? [24]. ???, GECCO2014 ?????
??????????*3?????????, Wind Farm Layouts Optimization Problem
[253] ?????????????????? x-y ?????????. ?????? i??
??????? (xi; yi) ????, (x1; y1; x2; y2; x3; y3; :::) ???, ???????????
?? (xi; yi) ???????. ???, ????????????????????????
?????, ??????????????????. ???, ??????????????
*3 http://www.sigevo.org/gecco-2014/competitions.html (2016? 1? 25???)
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?????????????? black-box optimization????, ????????????
????????????????????????.
8.2.2 ??????????????????????????????
??
8.2.1??????, ????????????????????????????????
???, DE? exponential???????????????????????. ???, 3.1.2
?, ?? 3.2.2??????????, exponential???????????????????
?????????????, ????????????????????????????
???. ????????, exponential?????? DE??????? Rosenbrock???
???????????????????????????????????????, DE
??????????????????????????????????????.
????, ?????????????, ???????????????????????
?????????????????????. ??????, CEC2010 LSGO benchmarks
[231] ??????????????????*4, ??? D = 5???? (1; 2; 3; 4; 5)???
???????, (3; 5; 1; 4; 2)????????????????????????????
????.
????, ????????????????????????????????????
?????. ???, P = (P1; :::; PD) ?, ???? f1; :::; Dg ?????????????
??????????. ???? P ?????, x0 = (xP1 ; :::; xPD )T ????? x ???
?????????????. ???, D = 5 ???????, P = (3; 5; 1; 4; 2) ???, ?
x = (x1; x2; x3; x4; x5)
T ? x0 = (x3; x5; x1; x4; x2)T ???. ???, ????? x0 ? x?
???????????????????? f ???????, f(x0)? f(x)??????.
?????????????????, ????????????????????????
??????, ???????????????????????.
8.3 Adjacent??, ?? Distributed?????? Exponential
???????
8.3.1 ????
???? exponential ???, (1) ????????????????????????
??, (2) 8.2.2 ???????????????????????, ??????????
?????????????????????? 2 ?????????????. ????
*4 CEC2010 LSGO benchmarks [231] ?????????????, ??????????? (2.2.4???)
??????????????. ???, ?????????????????????????, ?????
???????????????.
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? 8.1: 8?? DE??????????????????, 3??????????????
???. z = (z1; :::; zD)T ??????????????.
??? ?? ??????
Rosenbrock?? f(x) =PD 1i=1  100(zi+1   z2i )2 + (zi   1)2 [ 30; 30]D
Schwefels 1.2?? f(x) =PDi=1(Pij=1 zj)2 [ 100; 100]D
Block-rotated Ellipsoid?? f(x) =PD 1i=1 P2j=1j 1 Ri  (zi; zi+1)2 [ 5; 5]D
Caruana???? [35] ???, (1) ??????? adjacent??, (2) ? distributed???
??.
????, ? 8.1??? 3????????????????. Rosenbrock??? Schwe-
fels 1.2 ???, ????????????? EA ????????????????
?????????????????? [260]. Block-rotated Ellipsoid ?? [199, 24]
?, ???? zi ? zi+1 ??????????????????????. ???, z =
(yP1 ; yP2 ; :::; yPD 1 ; yPD )
T , y = x   o ???, ??????????? o = (o1; :::; oD)T
??????????. o ???? f1; :::; Dg ???????????????????
????????????. ???????, z = (0; :::; 0)T ????? fbest = 0 ???.
P = (P1; :::; PD) ?, ???? f1; :::; Dg ?????????????????. ???,
adjacent???? P = (1; 2; :::; D   1; D)???, distributed???? P = (6; 1; 3; :::)?
??? 8.2.2??????????????????????????. Ri ? [203] ????
??????????????????? 2  2????????. ??, ????????
??? P , Ri, o?????.
???D? 10, 20, 30, 40, 50, 60, 70, 80?????. ???????, 50???????
?????. ???????, ????????????????? f(xbsf )???? f(x)
????? jf(xbsf )  f(x)j? 10 8 ????????, ????????????. ???
????? 2:0 106 ???????, ?????????, ?????.
????????????????, Success Performance 1 (SP1) [94] ?????*5, ?
??????????????????????????, ??????????????.
CEC2005 Competition on Real-Parameter Optimization ??????????????
SP1????????*6. SP1????????????????????????????
????? (?????????) ???????, ??????????, ???, ????
??????????????????????????.
???? 3.1.2 ????????? DE (Algorithm 9 ??), ?? 4.5 ?????? jDE
*5 [10] ????????????, ENES [187], ?? Q-measure [61, 250] ???????????? SP1?
?????.
*6 https://www.lri.fr/~hansen/cec2005.html (2016? 1? 25???)
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[27] (Algorithm 11??), JADE [267] (Algorithm 13??) ?????? DE??????
?????. ???, 6??????? SHADE????. ???, jDE [27], JADE [267]?,
binomial?????????????????? F;C ????????? DE?????,
exponential??????????????????????????????????. ?
?? DE ????????????, ??? N = 100, F = 0:5 ??? [27, 267]. ????
????, ? 3.1 ?????????? rand/1 ?????. ???? exponential ????
?, ?????? binomial???????. C ?????, ?????, ?????????,
???????? 0:90 ?? 0.01 ??? 0:99 ?????????????. ???, ???
?????????? SP1 ?????????????????. jDE, JADE ?????
????????, ??? [27, 267] ?????????????????????. ???
?, ??? N = 100 ??, jDE ????? F = 0:1, C = 0:1, JADE ????? c = 0:1,
current-to-pbest/1? p;A?????, p = 0:05; A = N ???. SHADE?????, JADE
???? current-to-pbest/1?????. ???????, ?? 6????????????
???.
8.3.2 ???????
? DE????????????? 8.1???. shued exponential?? (SEC) ????
? 8.4???????. ??, binomial??, ?? SEC????? adjacent, distributed?
????????????????????????, ?????????????????
?????.
??? DE (? 8.1(a)(b)(c)) ??, ?????????? adjacent ??????, expo-
nential ??? binomial ??????????. ????, distributed ?????????
?, ??????????????, exponential ????????????, binomial ??
????????. ??????, ????????????????. ??, distributed-
Rosenbrock??? distributed-Schwefels 1.2????, 70?????? exponential???
??????????????????. ????????????????? DE????
?, jDE? Rosenbrock?? (? 8.1(d)) ?????????, ??????????.
???????, Rosenbrock??? Schwefels 1.2??????????????????
exponential??????, ?????????????????????????????
???. ????, ???????????????????, ??????????????
?????, exponential?????? binomial????????????. ???????
? Rosenbrock??? Schwefels 1.2???, DE??????????????, ?????
????? [192, 99, 29, 269, 128, 268]. ????, exponential?????????????
????????????.
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(l) B. R. Ellipsoid (SHADE)
? 8.1: Adjacent??, ?? distributed??????, ???????????? DE, jDE,
JADE, SHADE?????. ??? (A) ? (D) ?, ???? adjacent??? distributed?
?????????????????. ?????? D 2 f10; :::; 80g, ??? ftarget = 10 8
??? SP1 (??????????????????????????) ?????. ??, 50
??????????????????? ps ? 0??????, ????????????.
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(c) B. R. Ellipsoid
? 8.2: ???????????????????????, exponential??? SEC???
???? DE (Algorithm 9) ?????. ??? D ? 50???. ????????????
?????? (n 2 f1; :::; Dg), ??? ftarget = 10 8 ??? SP1 (???????????
???????????????) ?????. ??, 50????????????????,
???? 0??????????????????.
8.3.3 ??????? Exponential????????
8.3.2???, exponential???????? distributed???????????????
?. ???, ??????????????? exponential???????????????
????????. ???, ?????????????????????????????,
exponential????????????????????. ?????? 8.1???????
???????? P ????, f1; :::; Dg?????????? 2????????????
?????? n 2 f1; :::; Dg??????, ??????????????????. ???
??? n????????????????????????, ?????????????
??????????*7. DE????? DE????, ???????? 8.3.1??????
??????. ? n??????, ??? C ?????. ??, ??????? 50???.
? 8.2 ????????. ???, ????????? exponential ??? n = 0, ???
adjacent ?????????????. ???, n ??????????????????.
??, ???????????????, Block-rotated Ellipsoid???? n???????
???? 0?????????. ??????, ????????????????????
?????, exponential??????????????????.
*7 ?????????? Fisher-Yates shue ??????, ??????????????????????
??? n??????????, ???????????????????????????. ???, ???
?????????????????????????????????, ????????????.
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8.4 Shued Exponential Crossover (SEC) ?????
8.3????????, distributed?????? exponential?????????????
?????. ??????????????????? exponential ??????????.
???, ??????????????? Shued Exponential Crossover (SEC) ????
??, ?????? distributed???????????????????????.
8.4.1 Shued Exponential Crossover (SEC) ?????
Caruana ? [35] ???????????, 1 ????????????????????
?????????????????, ????????????????????????
?????????. ????? exponential?????????, ????? 8.3????
??, distributed?????? exponential???????????????????. ??
??????????????????????, Caruana?? shue crossover?????
[35]. shue crossover ??, ??? 2 ?????????????????????. ??
?, 1???????, ????????????????????????????. shue
crossover ?????????????, ?????????????????????. ?
?, ????? 1?????????????, shue crossover????????.
Price ??, 1 ?????????? DE ? exponential ?????????????, ?
???? shue crossover ??????????????, ??????????????
?? [188]. ??????????, Shued Exponential Crossover (SEC) ???. SEC?
Algorithm 22 ???. ???, ??? DE ???????????, Ci;t = C ??????
????????. SEC?? exponential???????, ???????????????
???????????. ???, 3.3.2??????, ???????????? L????
E(L)?, exponential??????? (3.6)???????????.
[188] ?? exponential?????????????? SEC????????????, ?
?????????????. Lin?? non-consecutive exponential?????, SEC???
?????????, ??????? [140]. ???, ??????????????????
?????????????. ??, Lin???in non-separable ridge functions (Rosenbrock
and Schwefels 1.2 function), dierential evolution algorithms with consecutive crossover
are more reliable than those with non-consecutive crossover????, 8.3????????
????, ????????????. ???, [188, 140] ?????????, 8.2????
???????????????????????????????????? exponential
????????????????????????.
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Algorithm 22: Shued Exponential Crossover (SEC)
1 ui;t  xi;t;
2 ???? f1; :::; Dg????????????? Si;t = (si;t1 ; :::; si;tD )???;
3 k  1;
4 repeat
5 j  si;tk ;
6 ui;tj  vi;tj ;
7 k  k + 1;
8 until rand[0; 1) < Ci;t and k < D;
8.4.2 ????
? 8.1 ?, ??? DE ? 3 ???? DE (jDE, JADE, SHADE) ???? SEC ????
????. ?????????, 8.3 ???????. exponential ???????, ???
binomial???????, SEC??????? adjacent? distributed?????????
????, distributed?????????????. ???????, ? 8.2 ?, n = 0???
???? C ??????? DE???? SEC???????????. exponential???
????, SEC???? n?????????????????.
??? DE ???????????? 8.1(a)(b)(c) ??, ???? distributed ???
???, SEC ? exponential ????????????????????. ???, 60 ?
?? distributed Rosenbrock ????, SEC ? exponential ?????????????.
distributed-Schwefels 1.2 ????, exponential ???????????????????
?????? 70??????????, SEC? binomial???????????????.
??? DE??????????, ?? DE??????????? distributed?????
???? SEC? exponential??????????.
???????, exponential ???????? adjacent ? distributed ???????
????????????, SEC ??????????????????????. ??,
distributed ?????????? SEC ?????????????. ????, SEC ?
exponential?????????????????????.
8.5 Exponential???????????
8.2.2?????, ?? 8.3?????????, DE???? exponential???????
???????????????. ????, ?? 8.5.1????????????????
???? adjacent??????, ????????????????????????. ??
8.5.2 ???, adjacent ?????????????????????????? CEC2014
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? 8.2: ????????????????? adjacent????.
????????? adjacent???? ????????
13 classical [260] 2 / 13 F3; F5
CEC2005 [223] 4 / 25 F2; F4; F6; F13
CEC LSGO 2010 [231] 2 / 20 F19; F20
BBOB [90] 1 / 24 F8
SOCO [100] 10 / 19 F3; F8; F9; F11; F12; F13; F14; F16; F17; F18
benchmarks [136] ?? binomial??, exponential??, SEC? 3???????????
???.
8.5.1 ????????????????? Adjacent??????
??????????, ? 8.1???????????????????????????
??????????????????????????? exponential?????????
??, ???????????????. ???, ?????????? 8.1????????
???, Schaer F7??, Whitley's composite functions [252]??, ??????????
????????????????????.
? 8.2?, ??????????????????????, ???????? adjacent?
??????. adjacent?????????????????, exponential???????
?????????????????????????????????????????
??. ??, SOCO benchmarks [100] ? 19 ?????? 10 ?? adjacent ???????
??, ??????????????, ????????????. ??, SOCO benchmarks
?????? Soft Computing Journal ????????????? EA ????*8??
???? SOUPDE [251], DE-D40 + Mm [73], GODE [246], GaDE [258], jDElscop [29],
SaDE-MMTS [269], MOS [128] ???? 7?? DE???????, ?? exponential??
???????. ??, binomial ????? exponential ???????????????
? Zhao ? Suganthan ????? [268] ?, SOCO benchmarks ???????. ????
?, ??????????? adjacent????????????????????????,
exponential?????????????????????????.
*8 http://sci2s.ugr.es/EAMHCO (2015? 11? 10???)
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8.5.2 CEC2014 Benchmarks??????????
8.5.1????????, ??????????????????? adjacent??????
??, exponential ???????????????????????. ????, adjacent
?????????????????????, ????????????????????
?. ??????? 30 ???? F cec1  F cec30 ??????? CEC2014 benchmarks [136]
?, adjacent ???????. ???, ??? DE ?, jDE, JADE, SHADE ???? SEC,
exponential ??, binomial ?? ???? CEC2014 benchmarks (D =10, 30, 50 ??) ?
??????????.
?????, CEC2014 ??????????????? [136] ???, ???????
D  10; 000, ????? 51???. ? DE???????????????, 8.3.1????
???????. ??, ????????????????? f(xbsf ) ???? f(x) ??
??? jf(xbsf )   f(x)j ? 10 8 ?????????, ???? 0 ???. F cec1  F cec3 ?
????????????, F cec4  F cec16 ????????? F cec8 ; F cec10 ?????????
?, F cec17  F cec22 ?????????????????????, ????????????
???????????????????? (7???) ???. F cec23  F cec30 ? F cec1  F cec22
?????????????????????????????. ??, ???????
S = [ 100; 100]D ???.
? 8.3 8.4, 8.5, 8.6 ?, ??? DE, jDE, JADE, ?? SHADE???? SEC ? binomial
??, exponential ??????????. ???, 30 ?????? SHADE ?????
?, CEC2014 benchmarks ?????????????? SEC ? exponential ?????
???????????. ??, SEC ? binomial ???????, 10 ?????????
DE ??????, binomial ???????????????. ???????, black-box
optimization ???????, 3 ??????????? binomial ???????????
?????????.
??, ? 8.3, 8.4, 8.5, 8.6 ??, CEC2014 benchmarks ??????? binomial ?? ?
????????, ???????????? SEC ?????????????. ????
??, binomial??? SEC?????????????????????????????
????????????, ?????????????????????????????
???. ?? , ???? jDE, JADE, SHADE?????? DE????????????
???, SHADE ????????????? binomial????????????????
????????, SEC ???????????????????????. ????, SEC
??????????????????? DE ?, binomial ??????? jDE, JADE ?
?????????????????????????. ??, ?????????????
?????????????????????? SHADE (6???) ?, SEC??????
?????????????.
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8.6 ????
????, ??? DE ???????????? exponential ???, Rosenbrock ??
???????????????????????, ????????????????
?????????????????????????. ????, ?????????
??????????, exponential ?????????????????. ?????
?, Rosenbrock ???????????????? [260, 223, 231, 100, 90] ?????
???????, exponential ??????????????????????????
[192, 99, 29, 269, 128, 268]. ????, exponential??????????????????
????. ??, exponential??????????????? SEC?, ???? exponential
??????????, ??????? binomial??????????????????. ?
??????????, 8.2.1 ????????????????????????????
???????????????????, SEC, ?? binomial??? exponential????
??????????????.
?????? DE???? exponential??????, ???, ????????????
???????????????????????????, ??????????????
?????????????????. ???????, 8.2.2 ?????? Tang ????
[231] ????, ??????????????????????????????????
?????????. ??, ????????????????????????????, ?
???????????????????????????????, ??????????
????????. ???, ????????????? KUR [124], WFG [104], ????
??????? CEC2010 Constrained Optimization Benchmarks [156] ????????.
?????????????????, ????????????????????????
???????????????????.
?????? DE ??????????????? binomial??, ?? exponential??
??????, ?????????, ?????????????????????. ???,
????? orthogonal crossover [248], eigenvector-based crossover operator [84], hybrid
linkage crossover [34] ??, DE?????????????????????????. ?
??????????????, ????????????.
151
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????
9.1 ???????
???????????????????????????????, ?????????
??????????????????????????????????? DE (?? DE)
????????????????. ????, 5, 6, 8, 7??????????????:
5?. ?? DE????????
???????? DE??????????, ????????????????. ?
??, ?? DE?????? (i) ?????????????????, (ii) ?????
??????????????????????.
(i) ?????????????????????????????????????
?????, ????????????????????????????????,
BBOB benchmarks [93] ??????. ????, ????????????????
???????????????????????????????, ???????
??????????????????????.
??, (ii) ????, ???????????????????? oracle ??????
??????????????????, ?? DE ??????????. ????,
?????????????? [119], ??????????, ???????????
??????????????????????????. ???????????
?????????????????? (i) ?????????????, ??????
??????????????, ????????. ???, (a) ????????, (b)
???, (c) ????????? 3 ????????, ??????????????
????????????. ???, ????? (a) ???????????????
????????????????. ??????????????????????
?????????????, ?????????????????????????
????????????. ???, ?????????????, ????????,
????????, ??????????????????????????, ???
152 ? 9 ? ????
????????????????. ?????????????????????,
oracle??????????????????????????????????, ?
???? DE?????????????????????.
6?. Success-History based Adaptive Dierential Evolution
5????? DE???????, ????? DE????????????????
??, ???????????????????. ???, 6????????????
???????, DE?????????????? Success-History based Adaptive
DE (SHADE) ?????.
??? oracle ?????????????????????? SHADE??????
?????????. ????, ????? DE ?????????????, oracle
??????????????????????????, SHADE????????
??????????. ??, BBOB benchmarks ???????????????
??????????. ????, ?????????, ??????????, ??
??? SHADE ????? DE ???????????????. ???, SHADE
?, ????????????????? Nelder-Mead ? [167] ?????????
??????????????? f(x) ????????????????????
???, ??? black-box optimization ?????? state-of-the-art ? EA ???
BIPOP-CMA-ES [88] ???????????????????.
7?. ?????????????? DE????????????????
6??? DE??????????? SHADE????, ?????????????
?????????. ???, SHADE????????????????????, ?
??????????????????????. ???? SHADE???, ?? DE
???????????????????????????. ?????, ?????
???????????? [82] ???????????, ?????????????
?????????? [231, 132, 136] ????, ?? DE? (1) ????, ?? (2) ?
??????????????.
(1) ?????, ?? DE????????????????, ???????????
????????????????????????, ?? DE ??????????
?????????. ???????????????? DE???????????
?????, (2) ????????????????????????.
??, ????????, ???????????????????????????
????????????????????. ???, ??????????????
?, ????????????????????????????????, ????
???????????????????????????????????????
????????, ?????????????????. ???, ?????????
?? DE?????????????????????, ?????????????
???????. ??, ????????????????????????????
???????????, ????????????????????? DE????
9.2 ????????????? SHADE ??????? 153
????????????????????.
8?. DE?????????????????
5?? 7???, ?? DE????????????. ??, 6???????????
?? SHADE?????. ?????????????????????????, ?
??? DE???????????????.
Binomial ??? exponential ???, DE ??????????????????
????. DE ????????? binomial ?????????????????
[220, 161], ???? exponential????????????? [99, 29, 269, 128, 268]
???????, ?????????????????????. 8 ?????,
exponential??? Rosenbrock????????????????????????
??, ????????????????????????????????????
???????????????. ??, ????????????????????
??????, exponential???????? binomial??????????????
????. ??, ????????? Shued Exponential Crossover (SEC) [188] ?
???????????????????????, (1) ?????????????
?? binomial?????????????, (2) SEC? exponential ???????
???????????????. ???????????, ???????????
?????????????????????????, SEC, ?? binomial ???
exponential??????????????, ???????.
9.2 ????????????? SHADE???????
6????????? DE????? SHADE?, ??????????????????
????? [7] ? 3?????????????????? [53] ???????, ?????
?????????????????. ????, ???????????????????
????????????, SHADE?????????????????????.
??, ?????????????????????? [85], ????????????
???????? [80], binomial ??? exponential ??? 2 ?????????????
[32], ????? [181] ???????????????????????, SHADE ???
?????????????????????. ???, 2014??????? IEEE CEC?
?????? CEC2014 Competition on Real-Parameter Single Objective Optimization?
?, 6.6 ??????? L-SHADE [229] ? 1 ?*1, 2015 ??? CEC2015 Competition on
Real-Parameter Single Objective Optimization??, L-SHADE?????? [83, 11, 202]
??? 1, 2, 3???????*2. ??????, SHADE????????????, ???
???????????.
*1 http://www3.ntu.edu.sg/home/EPNSugan/index_files/CEC2014/CEC2014.htm
*2 http://www.ntu.edu.sg/home/EPNSugan/index_files/CEC2015/CEC2015.htm
154 ? 9 ? ????
9.3 ?????
????????, 5??????? oracle?????????????????????
???????????????. ??????????????????????????
??????, ???????????????????????????. ???????
DE? F;C ?????????????????????, ???????????????
???????????????????. EA????????????????????
?????????????????? [119], ????????????????????
????? EA???????????????????. ??, ????????, ???
???????????????????? Genetic Programming (GP) ????????
?????????????????? [126, 212], ??????????????????
??????, ????????????, ?????? oracle??????????, ??
???????????????. ???????????????.
SHADE???, ?? DE?????? ?????, ?????????????????
???????????, ??????????????????????????????
?????. ???, 7???????????????????????????????
??????????, ?????????? DE???, ???????????????
?????????. ???????, ???????????????? DE??????
??????????, ?????????????.
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???
??????????????????????????????. ???, A.1????
??? f ????????????????????. ??, A.2???????? f(x)?
?????????????????.
A.1 ????????????????????
????, ??????????????????? f ????????????????
??????. ??? A.1.1??????????????, A.1.2???????????
???. ???, A.1.3?????????????????. ??, ???????????
? [277, 279, 278] ??????.
A.1.1 ?????
????? (Steepest descent method) ?, ???? xt ???????????????
??????????????, ???????????????????????????
?????. ?????, ????? x????, ??????????????, ?????
? rf(x)??????????????.
?????? t = 1????, ?????????? xt ????. ???, ??? t???
?, xt ???????????????rf(xt)????, ?????????:
xt+1 = xt + 
  rf(xt) (A.1)
???, ???????????,   0???. ??????? ??????????
?????????????, ????????????, ??????????????. ?
?, ????????????, ?????????, ?????????????????
???????????. ???, ? (A.1) ??  rf(xt) ?????????, ?????
????????? ????????????, ???????????????????
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???????????????????.
rf(xt) = 0?????, ??????????. ??????????????? xt ?,
????? x1 ????????????, ???????????. ??, ????????
?, ????????????????????????????.
A.1.2 ??????
??????????????????? rf(x) ????????, ????????
????????? r2f(x) 1 ?????????. ???? f ????? xt ??????
???????????, ???????:
f(x)  f(xt) +rf(xt)T (x  xt) + 1
2
(x  xt)r2f(xt)(x  xt) (A.2)
? (A.2)???? fII(x)????, fII(x)??????????? f ??????????
??????. ??????????????, fII(x)?????, ? (A.2)? xt ?????
?????????, xt  r2f(x) 1rf(x)???.
????????, ??????????????. ?????? t = 1????, ????
?????? xt ????. ???, ??? t ????, xt ???????????????
rf(xt)??????????r2f(x) 1 ????, ?????????:
xt+1 = xt  r2f(x) 1rf(x) (A.3)
??? (A.3)??????????, ??????????????.
??????? 2?????????, ???????????????????????.
???, 2?????? t+ 1??????????? xt+1 ??????, t??? xt ???
2?????????????. ??, ???????????????? ???????
??????????????.
???, ????????????????????????. ??, ????? r2f(x)
???? r2f(x) 1 ??????, r2f(x) ???????????. ???, ??????
???????? O(D3)?????, ????????????????????.
A.1.3 ???????
?????????, ???????????????????????????????
??. ?????????, ?????????r2f(x) 1 ?????H ????, ????
??????????????????????????. ???????????????
?????, ????????????????H ?????????.
??, ?????????, H1 = I ??, ????? x1 ????????????. ??
?, I ????????. t?????????, t+ 1???? xt+1 ??????????.
xt+1 = xt   Htrf(x) (A.4)
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???, ? (A.1)????   0???????????, ???????????, ???
????????????????. ???? f ??????????????? rf(x)?
????????, ????????? rf(x)  f(x+x) f(x)x ??????? [25].
??????????,????????????,????Ht??????. ?????,
?? 1 ??, Davidon, Fletcher, Powell ??? (DFP ??) ? Broyden Fletcher Goldfarb
Shanno??? (BFGS??) ????????, ?????? BFGS??????????
???:
Ht+1 =Ht +

pt(pt)T
(pt)Tqt
  H
tqt(qt)THt
(qt)THtqt

(A.5)
???, pt = xt+1   xt, qt = rf(xt+1) rf(xt)???. ?????????, ?????
?????? t???? (A.4)?????? xt ???, ? (A.5)???????Ht ???
?????.
????? x1 ?????????, ????????????????? xt ?, ????
???????. ??, ??????H1 ?????????????????????, ?
?????????????????, ???????????????? 2???????
???????. ???, ?????????????H1 ??????????????.
A.2 ????????????????????
2.3.1??? Nelder-Mead? [167] ??????, ???????????? f ?????
????????? f(x)?????????????????????. ??? A.2.1??
???????? [31] ???????. ??, A.2.2??? Hooke-Jeeves? [103] ????
????. ??????????? [121] ???????.
A.2.1 Random Search
??????????????????????? (Random Search) [31] ??????.
?????????, ??? t?????? xt ??????? S ????????????,
??? xbsf ?????????????, xbsf = xt ???. ??????????????
?????.
??? f(x)?? x????? jf(x)  f(x)j???,  > 0?????????. ???
x ??????? S ???????, x 2 S ???? x????????????????
??????????. ????, ????????????????, ??????????
?  > 0???? jf(x)  f(x)j < ???? x????????????.
?????????????????????, ???????????????????
??????????. ???, ???????????????????????????,
????, ??????????????????????????.
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A.2.2 Hooke-Jeeves?
1961?? Hooke? Jeeves???????? Hooke-Jeeves? [103] ?, ????????
????????????????.
Hooke-Jeeves?????? t????, ??? xt ??????????????????
????? ut ?????. ???, ?????? ut ??????? xt ?????????
?????????, xt = ut ???. ??????????????? ut ????????
???, ???????????????, ???????????? ut ?????????
????, ??????????????????  2 (0; 1]??????. ???, ????
???????????, ???????????, ??????????????. ???
????????????????. ?????? Hooke-Jeeves??, Algorithm 23???.
???,  ???????? ???????, ????  = 0:5???.
Hooke-Jeeves ??, ????????????????, ?????????????
??????????????. ????, 1961 ??????????????????,
Multiple Trajectory Search Local Search 1 (MTS-LS1) [237] ??? Hooke-Jeeves ???
??????, ???????????. ???, Hooke-Jeeves?????????? ??
?????????????? ???????, ???? ??????????????
??, ????????????????????????????????.
A.2.3 Simulated Annealing (SA)
1983??Kirkpatrick??????? Simulated Annealing (SA, ????????) [121]
?, ?????????????????????????????. ???, ?????
????????????????????????????????????, ????
?????????????? Metropolis Monte Carlo ? [160] ???????. SA ?
Traveling Salesperson Problem (TSP) ???????????????????????
?????????, ????????????????. ????, [188] ????, SA??
??????.
?????? t = 1????, ?????????? xt ????. ???, ??? t???
?, ?????? xt ??????????, ?????? ut ?????:
ut = xt +   randn(0; I) (A.6)
???, randn(0; I)?????????????, ??????????????.  ???
??????????????????.
?????? ut ????????????, ???????? t+ 1??????? xt+1
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Algorithm 23: Hooke-Jeeves?
1 t 1;
2 xt ????;
3 while ?????????????? do
4 for j = 1 to D do
5 ut = xt;
6 utj = x
t
j + (x
max
j   xminj );
7 if f(ut) < f(xt) then
8 xt = ut;
9 else
10 ut = xt;
11 utj = x
t
j   (xmaxj   xminj );
12 if f(ut) < f(xt) then
13 xt = ut;
14 t t+ 1;
15 if f(xt) < f(xt 1) then
16 ut = xt + (xt   xt 1);
17 if f(ut) < f(xt) then
18 xt = ut;
19 else
20    ;
Algorithm 24: SA
1 t 1;
2 xt, Tt ??????;
3 while ?????????????? do
4 ? (A.6)????????? ut ???;
5 ? (A.7)??? xt+1 ????;
6 ? (A.9) ??? Tt+1 ????;
7 t t+ 1;
???:
xt+1 =
(
ut if f(ut)  f(xt) or pat  rand[0; 1]
xt otherwise
(A.7)
???, pat ??? t???????????, rand[0; 1]??? [0; 1]???????????
??. pat ?Metropolis??????? [160] ???????:
pat = exp

 f(u
t)  f(xt)
Tt

(A.8)
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??? Tt ??? t??????????????. ? (A.8)??, ????????????
????????? f(ut)   f(xt)??????, ??????? Tt ????????? pat
???????. ???, f(ut) > f(xt)????????? xt ???????? ut ???
??????????????????????.
??? t????, ??? t+ 1???????? Tt+1 ????:
Tt+1 =
T1
ln(t)
(A.9)
???, ?????? SA ? Algorithm 24 ???. ????????????????
SA ?, ?????????????????????????????? [147]. ????
????????, ???????????????????????????, black-box
optimization??????????.
???, SA?????????????????? , ? (A.9)????????????
??????????????, ????????????. ????, ??????????
??????????????????????????, ???????????????
??????????? [109].
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Zaharie??????N , ?????
? F , ??? C ?????????
???????????????
4.3 ?????????, DE ????????? N , ?????? F , ??? C ????
???????. Zaharie [262] ????????????????????*1??????
????????? N , F , C ?????, ??????????. ????, Zaharie???
?????????????????? [262] ???????. ??, ???????? [262]
????.
????, ??????? rand/1, ????? binomial???????????? DE?
????? (Algorithm 8??) ????????. ???, ???????????, ???
????????????????*2. ??, ? (3.2)? rand/1?????, i 6= r1 6= r2 6= r3
?????? f1; :::; Ng?????? r1; r2; r3 ???????????, ?????????
??, i???????, ?? r1 6= r2 6= r3 ????????. ??, Algorithm 7? binomial
???????, jrand ? 3??? jrand ????, ????????????:
ui;tj =
(
vi;tj if rand[0; 1] < C
xi;tj otherwise
(B.1)
DE ?????, ??? j 2 f1; :::; Dg ???????????, ???????????,
?? x = (x1; :::; xD)T ???????? xj ????????????????????. ?
?, ??????, ?? x???????? xj ??? x?????.
DE ????????? X = fx1; :::; xNg ?????? V ar(X) ???? E(V ar(X))
????. ???, V ar(X) = X2  X2, ?? X = 1=NPNi=1 xi ???. V ar(X) ??
?? E(V ar(X)) ?????, X ????????????, ?????????????
*1 ???? f ?????? a???, ??? f : RD ! a????, ???????????????????
???.
*2 ????????????, DE???????????????????, [188] ?????????.
180 ?? B Zaharie??????N ,?????? F ,???C ????????????????????????
???????. ??, X ????, ???????? V = fv1; :::; vNg, ???????
U = fu1; :::; uNg???.
???, V ??????????? E(V ar(V ))????. E(V ar(V )) = E(V 2) E(V 2)
?????, ??? E(V 2)? E(V 2)?????????:
E(V 2) =
1
N
 
NX
i=1

xri1 + F (xri2   xri3)
2!
= (2F 2
N
N   1 + 1)X
2   2F 2 N
N   1X
2
(B.2)
E(V
2
) =
1
N2
 
NX
i=1

xri1 + F (xri2   xri3)
!2
=
1
N
E(V 2) +
N   1
N
X
2
(B.3)
???, ri1, ri2, ri3?? i 2 f1; :::; Ng????, ri1 6= ri2 6= ri3?????? f1; :::; Ng????
???????????????????. ? (B.2), (B.3)?E(V ar(V )) = E(V 2) E(V 2)
??????????, E(V ar(V ))??????????:
E(V ar(V )) = E(V 2)  E(V 2)
= (2F 2 +
N   1
N
)V ar(X) (B.4)
??, ?????? U ??????? E(V ar(U)) ????. ???, ? (B.1) ????,
?? C ??? vi, (1  C)?? xi ????? ui ???. ????, E(U2)? E(U2)???
???????????:
E(U2) =
1
N
NX
i=1
E(u2i )
= (1  C)X2 + C E(V 2) (B.5)
E(U
2
) =
1
N2
E
0@ NX
i=1
ui
!21A
=
1
N
E(U2) +
1
N2
(N2   2NC +NC2)X2
  1
N
(1  C)2X2 (B.6)
? (B.2)  (B.6)? E(V ar(U)) = E(U2)  E(U2)??????????, ??????
U ??????? E(V ar(U))??????????.
E(V ar(U)) =

2F 2C +
2C
N
+
C2
N
+ 1

V ar(X) (B.7)
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(b) E(V ar(X))????
? B.1: ???????????????, ?????????? X ??????? E(V ar(X))
???. (a) ????, (b) ???????. N = 50, C = 0:2 ??, F ????????. ???,
F = 0:13416407865::: ?, ? (B.8) ????? F =
q
(1 C
2
)
N
?????. ??? (a) ?????, ?
?? (b) ? F = 0:010???????????, E(V ar(X1)) = 8:16242590944?????. ???
(b) ?????, ???? 50, ??? D = 30??, ???????????????????????
?, ???????????? 50?????????????????. ??, ??? [262] ? Figure
2???????????????????, ???????.
? (B.7) ????,

2F 2C + 2CN +
C2
N + 1

??? 1 ???????, E(V ar(U)) >
V ar(X) ??????????????????????. ??, 1 ?????????
E(V ar(U)) < V ar(X)?????, ???????????????????????.
??, ??????????, ???????????????????????????
????????? DE ??????????????. ???? t ???? E(V ar(U))
? E(V ar(U t)) ???. ???, ? (B.7) ???? 2F 2C + 2CN + C
2
N + 1 > 0 ???,
limt!1E(V ar(U t)) =1???, DE????????. ??, 0 < 2F 2C+ 2CN + C
2
N +1 < 1
???, limt!1E(V ar(U t)) = 0???, DE?????????????????.
?????????, ??????????????, ? (B.7)????????????
?????????????????? N , F , C ???????????, Zaharie????
????:
2F 2   2
N
+
C
N
= 0 (B.8)
? (B.8)???????, E(V ar(U)) = V ar(X)?????, ?????????????
?????????.
???, ? (B.7) ????????, ? B.1 ????????????????, ????
?????? X ??????? E(V ar(X)) ????, ???????????. ??, ?
B.1? [262] ? Figure 2???????????????????, ???????. ? B.1
182 ?? B Zaharie??????N ,?????? F ,???C ????????????????????????
??, ?????????????????????????. ??, ????? N = 50,
C = 0:2?????, ????? (B.8)???? F ??? F =
q
(1 C2 )
N = 0:13416407865:::
???. F = 0:13416407865 ?????, ??????????? E(V ar(X)) ?????
?. ??, ?????? F = 0:01; 0:1?? E(V ar(X))???????????, ?????
? F = 0:2?? E(V ar(X))?????????????.
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?? C
BBOB benchmarks
???? BBOB benchmarks [91, 93] ??????. BBOB benchmarks ??????
???????????????????, ?? black box optimization ????????
????????????????????????????????????. BBOB
benchmarks? 24?????????? f1  f24 ?????????, f1  f5 ?????
????, f6  f9 ???????????, f10  f14 ???????????, f15  f19
?????????????, f20  f24 ?????????????????. ? 2.2 ?,
BBOB benchmarks [91, 93] ? 24 ???? f1  f24 ????????? [159] ???. ?
2.2 ????, ????????????????, ???????, ??????????
?????????????????????????????. ??, ????????
BBOB benchmarks?????? [93] ???????.
??? C.1??? f1  f24 ?????????????????, BBOB benchmarks?
?????????????. ??, C.2???????????????????????.
C.1 ??????
C.1.1 ????
BBOB benchmarks??????????????, ????? S = [ 5; 5]D ???. ?
??, D ???????. ??, ???????????, x =2 S ??? x?????, ???
???? fpen : RD ! R????????, ???????????:
fpen =
DX
i=1
max(0; jxij   5)2 (C.1)
C.1.2 ???????
f5; f24 ???????????, ??? xopt ? [ 4; 4]D ???????????????
???????. ??, ??? f(xopt)?????????????????????. ??
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????? x????? z = (z1; :::; zD)T ????????, ????? z = 0?????
??. ??, ?????????, ???, ???, ?????????.
C.1.3 ???????, ?????????
????????????????????????, ????????????????,
??????????????. ??, ????????????, C.1.4??????? Tosz
? Tasy ????, ???, ?????????????????????.
C.1.4 BBOB benchmarks??????????????
??? BBOB benchmarks??????????????????????:
 k:k: ????????????, kxk2 =PDi=1 x2i ???.
 [:]: ?????????????.
 0: 0 = (0; :::; 0)T
 1: 1 = (1; :::; 1)T
 : D D ????????, i 2 f1; :::; Dg???????? i;i =  12
i 1
D 1 ???.
 1+ : -1? 1??????????? D ????????
 Q;R: ???????????????????????????. ???, ???,
????????????.
 T asy : RD ! RD ???????????????????:
xi =
(
x
1+ i 1D 1
p
xi
i if xi > 0 ; i 2 f1; :::; Dg
xi otherwise
 Tosz : Rn ! Rn ?????????????????????? (n 2 f1; Dg):
x! sign(x) exp (x^+ 0:049 (sin(c1x^) + sin(c2x^)))
x^ =
(
log jxj if x 6= 0
0 otherwise
sign(x) =
8><>:
 1 if x < 0
0 if x = 0
1 otherwise
; c1 =
(
10 if x > 0
5:5 otherwise
; c2 =
(
7:9 if x > 0
3:1 otherwise
 xopt: ??????, f(xopt) = fopt ???????????.
C.2 ????????????, ??????
????, f1  f24 ?????????????, ?????????????. ??, ??
?????????, ?????????, ??????????????????????
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??????????????.
C.2.1 f1 : Sphere??
f1(x) = kzk2 + fopt (C.2)
???, z = x  xopt ???.
????
 ???, ???????????????????????, ?????
??????
 ??????????????????????
C.2.2 f2 : Ellipsoidal??
f2(x) =
DX
i=1
106
i 1
D 1 z2i + fopt (C.3)
???, z = Tosz(x  xopt)???.
????
 ???, ?????? (??? = ? 106), ?????
??????
 f1 ????: ???????????????????????
 f10 ????: ???????????????????????
C.2.3 f3 : Rastrigin ??
f3(x) = 10
 
D  
DX
i=1
cos(2zi)
!
+ kzk2 + fopt (C.4)
???, z = 10T 0:2asy (Tosz(x  xopt))???.
????
 ????? (?????: ? 10D ?), ?????? (??? = ? 10), ?????
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??????
 f2 ????: ??????
C.2.4 f4 : Buche-Rastrigin??
f4(x) = 10
 
D  
DX
i=1
cos(2zi)
!
+
DX
i=1
z2i + 100fpen(x) + fopt (C.5)
zi = siTosz(xi   xopti ) for i = 1; :::; D
si =
(
10 10 12 i 1D 1 if zi > 0 and i = 1; 3; 5; :::
10
1
2
i 1
D 1 otherwise
????
 ????? (?????: ? 10D ?), ?????? (??? = ? 10), ?????, ?
????????????
??????
 f3 ????: ???????
C.2.5 f5 : Linear Slope??
f5(x) =
DX
i=1
(5jsij   sizi) + fopt (C.6)
si = sign(x
opt
i 10
i 1
D 1 ) ; i 2 f1; :::; Dg
zi =
(
xi if x
opt
i xi < 5
2 ; i 2 f1; :::; Dg
xopti otherwise
????
 ??? (???????, ????????????????), ?????
??????
 ???????????????
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C.2.6 f6 : Attractive Sector??
f6(x) = Tosz
 
DX
i=1
(sizi)
2
!0:9
+ fopt (C.7)
z = Q10Q(x  xopt)
si =
(
102 if zi  xopti > 0
1 otherwise
????
 ???, ??????, ???????????
??????
 f1 ????: ?????????
C.2.7 f7 : Step Ellipsoidal??
f7(x) = 0:1 max
 
jz^1j=104;
DX
i=1
102
i 1
D 1 z2i
!
+ fpen(x) + fopt (C.8)
z^ = 10R(x  xopt)
~zi =
(
b0:5 + z^ic if z^i > 0:5
b0:5 + 10z^ic=10 otherwise
z = Q~z
????
 ???, ??????, ?????? (??? = ? 100)
??????
 plateau?????????????????
C.2.8 f8 : Rosenbrock??
f8(x) =
D 1X
i=1
 
100(zi   zi+1)2 + (zi   1)2

+ fopt (C.9)
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???, z = max

1;
p
D
8

(x  xopt) + 1, zopt = 1
????
 ??????? (???, 3??????????? [209]), ?????????
 f8 ????, ????? z = 0??????, ??? z = 1????????????
??????
 ??????, ?????????????
C.2.9 f9 : Rosenbrock?? (Rotated)
f9(x) =
D 1X
i=1
 
100(zi   zi+1)2 + (zi   1)2

+ fopt (C.10)
???, z = max

1;
p
D
8

Rx+ 12 , z
opt = 1
????
 f8 ????????????
??????
 f8 ??????????????????????, ??????????????
C.2.10 f10 : Ellipsoidal?? (Rotated)
f10(x) =
DX
i=1
106
i 1
D 1 z2i + fopt (C.11)
???, z = Tosz (R(x  xopt))
????
 ???, ?????? (??? = ? 106), ??????
??????
 f2 ????: ?????????
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C.2.11 f11 : Discus??
f11(x) = 10
6z21 +
DX
i=2
z2i + fopt (C.12)
???, z = Tosz (R(x  xopt))
????
 ???????????????, ?????? (??? = ? 106), ??????
??????
 f10 ????: 1???????????????????
C.2.12 f12 : Bent Cigar??
f12(x) = z
2
1 + 10
6
DX
i=2
z2i + fopt (C.13)
???, z = RT 0:5asy (R(x  xopt))
????
 ???, ?????? (??? = ? 106), ??????
??????
 f10 ????: 1???????????????????
C.2.13 f13 : Sharp Ridge??
f13(x) = z
2
1 + 100
vuut DX
i=2
z2i + fopt (C.14)
???, z = Q10R(x  xopt).
????
 ???, ?????? (??? = ? 106), ??????
??????
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 f12 ????: ????????, ??????????????
C.2.14 f14 : Dierent Powers??
f14(x) =
vuut DX
i=1
jzij2+4
i 1
D 1 + fopt (C.15)
???, z = R(x  xopt)
????
 ???, ?????? (??? = ? 106), ??????
??????
 f10 ????: ?????????, ??????????????????????
????????
C.2.15 f15 : Rastrigin?? (Rotated)
f15(x) = 10
 
D  
DX
i=1
cos(2zi)
!
+ kzk2 + fopt (C.16)
(C.17)
???, z = R10QT 0:2asy (Tosz(x  xopt)).
????
 ????? (?????: ? 10D ?), ?????? (??? = ? 10), ??????
??????
 f3 ????: ?????????
C.2.16 f16 : Weierstrass??
f16(x) = 10
 
1
D
DX
i=1
11X
k=0
1
2k
cos

23k

zi +
1
2

  f0
!3
+
10
D
fpen(x) + fopt (C.18)
(C.19)
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???, z = R1=100QTosz (R(x  xopt)), f0 =
P11
k=0
1
2k
cos

23k
2

????
 ?????, ????????????, ??????????????? (?????
??), ??????
??????
 f17 ????: ??????????, ????????????????
C.2.17 f17 : Schaers F7??
f17(x) =
 
1
D   1
D 1X
i=1
p
si +
p
sisin
2

50s
1
5
i
!2
+ 10fpen(x) + fopt (C.20)
???, z = 10QT 0:5asy (R(x  xopt)), si =
q
z2i + z
2
i+1; i 2 f1; :::; Dg
????
 ?????, ??????????, ????????, ????????, ????
??
??????
 f15 ????: ?????????????????????
C.2.18 f18 : Schaers F7 Function?? (moderately ill-conditioned)
f17(x) =
 
1
D   1
D 1X
i=1
p
si +
p
sisin
2

50s
1
5
i
!2
+ 10fpen(x) + fopt (C.21)
???, z = 1000QT 0:5asy (R(x  xopt)), si =
q
z2i + z
2
i+1; i 2 f1; :::; Dg
????
 f17 ?????????, ?????? (??? = ? 103)
??????
 f17 ????: ?????????
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C.2.19 f19 : Composite Griewank-Rosenbrock Function F8F2??
f19(x) =
 
10
D   1
D 1X
i=1
 si
4000
  cos(si)
!
+ 10 + fopt (C.22)
???, z = max(1;
p
D
8 )Rx+0:5, si = 100(z
2
i   zi+1)2+(zi  1)2; i 2 f1; :::; Dg, zopt = 1
????
 f9 ?????????, ?????
??????
 f9 ????: ???????????????
C.2.20 f20 : Schwefel 2.26??
f20(x) =   1
D
DX
i=1
zisin(
p
jzij) + 4:189828872724339 + 100fpen(z=100) + fopt (C.23)
???,
x^ = 2(1+  
 x)
z^1 = x^1; z^i+1 = x^i+1 + 0:25(x^i + x
opt
i ); i 2 f1; :::; D   1g
z = 100
 
10z^   xopt
xopt = 4:2096874633=21+ 
????
 ???, ??????, ??????
??????
 f17 ????: ???????????????
C.2.21 f21 : Gallagher's Gaussian 101-me Peaks??
f21(x) = Tosz

10  101max
i=1
wi exp

  1
2D
(x  y)TRTCiR(x  y)
2
+ fpen(x) + fopt
(C.24)
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???, Ci = i=1=4i ???,
wi =
(
1:1 + 8 i 299 if 2  i  101
10 otherwise
????
 ??? (??, ???????????????? 101????????), ?????
?????, ??????, ???????? (??????????? = ? 30)
??????
 ????????????????????
C.2.22 f22 : Gallagher's Gaussian 21-hi Peaks??
f22(x) = Tosz

10  21max
i=1
wi exp

  1
2D
(x  y)TRTCiR(x  y)
2
+ fpen(x) + fopt
(C.25)
???, Ci = i=1=4i ???,
wi =
(
1:1 + 8 i 219 if 2  i  21
10 otherwise
????
 ??? (??, ???????????????? 21????????), ??????
????, ??????, ?????? (??????????? = ? 103)
??????
 f17 ????: ???????????????
C.2.23 f23 : Katsuura??
f23(x) =
10
D2
DY
i=1
0@1 + i 32X
j=1
(
j2jzi   [2jzi]j
2j
)
1A  10
D2
+ fpen(x) (C.26)
???, z = Q100R(x  xopt)
????
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 ????? (??????????), ???????, ??????
??????
 ???????????????????
C.2.24 f24 : Lunacek bi-Rastrigin?? [153]
f24(x) =min
 
DX
i=1
(x^i   0)2; d D + s
DX
i=1
(x^i   1)2
!
+ 10
 
D  
DX
i=1
cos(2zi)
!
  10
D2
+ 104fpen(x) (C.27)
???,
x^ = 2sign(xopt)
 x;xopt = 01+ ; z = Q100R(x^  01)
0 = 2:5; 1 =  
r
20   d
s
; s = 1  1
2
p
D + 20  8:2 ; d = 1
????
 ?????, double-funnel (??????? f15 ? 2 ?????????), ????
??
??????
 double-funnel?????????
C.3 BBOB benchmarks??????????
????, ? 5.3  5.4, ? 6.6  6.9, ? 6.11, ? 6.14, 6.15 ????, ????????
F : R! [0; 1] (Empirical Cumulative Distribution Functions, ECDF) ???????.
BBOB benchmarks??, f1  f24 ??????????????????????? 15
????????????????????????????, 24  15 = 360??????
?????????. ??????????????????, ????????????
ftarget = fopt  f ????. ???, fopt ???? xopt ??????, f ???????
??. f ??? [10 8; 101:8] ?????, f101:8; 101:6; 101:4; :::; 10 7:6; 10 7:8; 10 8g ??
????? 50??????. ???, ??????????? 50????????????
???? ftarget ??????.
?????????, ?????????? (???, ????? f1  f24 ???????
?? f15  f19) ????????????????, ???? 15????????????
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?. ? 5.3  5.4, ? 6.6  6.9, ? 6.11, ? 6.14, 6.15????, ?????????????
? (???, f1  f24 ?? 24 15 = 360?, f15  f19 ?? 5 15 = 75?) ???? 50??
?? f ????, ?????????????, ??? ftarget  f(x)?????? 2 [0; 1]
??????. ??, ???????????????. ?????????????, ???
?????????????????????????????????, 1???????
????????????????????? xopt ???????????????. ??,
???????????????????????, ????????????. ?????
??????, ?????????????, ???????????????.
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